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ABSTRACT

An experimental program is described
wherein the effect of important independent
variables on glass reaction under conditions
that may exist for unsaturated storage 1s
examined. The effect of radioactive vs.
simulated glasses is being examined in a set
of simple and integrated tests. Results
through 140 days show that no major
differences exist between the two glass types
although some trends are being established
that need further examination. The effect of
SA/V was examined in preliminary tests done at
10, 50, and 100 nr1. Analysis of the reacted
fiass structure indicated that as the SA/V
changed, the assemblage of crystalline phases
that formed on the reacted glass varied and
the process by which the glass structure
reacted changed. Finally, the effect of
radiation on glass reactivity is being
studied. For each variable studied, tests are
1n progress that will provide Information to
support startup of the glass processing
facilities and licensing of a repository.

INTRODUCTION

Vitrified high-level nuclear waste 1s
currently being investigated for storage in
the unsaturated environment at the proposed
Yucca Mountain repository site. Canistered
glass waste Is scheduled to be produced by the
Defense Waste Processing Facility (DWPF) and
the West Valley Demonstration Project (WVDP)
prior to the licensing of a repository site to
accept waste. Thus, the waste will be
produced 1n final form before a repository
site has been granted final approval. This
sequence of events places considerable
attention on the glass production process and
on the characterization of glass reactivity
under potential repository storage conditions.
While it is not expected that a complete
characterization of glass reactivity under

potential repository conditions will be
established prior to hot startup of the
processing facilities, it 1s necessary that a
plan based on the production of a well-
characterized product and the testing and
modeling of this product under repository
conditions be established. In this paper, an
experimental program is described which
emphasizes testing of DWPF glass to
characterize the effect of important
Independent variables or processes on glass
reaction under unsaturated conditions.
Information developed in this program will
help form the basis for the development and
validation of models used to predict long-term
glass performance and will provide Input to
characterize glass reactivity in the timeframe
prior to hot startup.

BACKGROUND

Before glass can be stored In a geologic
repository, it is necessary to project how the
glass will perform under repository
conditions. The performance projection relies
on the application of a specific model.
Information that goes Into the model Includes
glass reaction mechanisms, rates of initial
reaction, the affinity for reaction under
various conditions, and the dependence of
glass reaction with other components In the
waste package. The model must be developed in
a manner that 1s applicable to glass
degradation under repository conditions but
also retains an Independent quality necessary
for nonempirical prediction. To demonstrate
Its predictive capability, the model must be
validated, preferably using long-term tests
that closely simulate the expected conditions
of the repository. At this time, emphasis Is
on the development of a submodel describing
glass reaction.1 The submodel will have to be
expanded to Include effects of engineered
barrier components once they become
Identified.
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Before a mature model can be developed,
those important physical parameters and
processes that may affect glass reaction under
potential repository conditions need to be
identified and evaluated. Several variables
that have been identified as being of
particular importance to glass reactivity 1n
an unsaturated environment include: (1) glass
composition, (2) temperature, (3) radiation,
(4) ratio of the glass surface area to the
volume of water (SA/V), (5) the effect of
unsaturated conditions (vapor contact, small
amounts of intermittent water contact) on
glass reaction, and (6) the possible effects
of glass alteration layers on glass reac-
tivity. Preliminary discussion of each of
these parameters is presented elsewhere.2«3
In this paper, an experimental program
investigating the effect of radiation, SA/V,
and one aspect of composition on glass
reactivity is described.

Tests with Sludge-Based DWPF Glasses
to Evaluate Composition Effects

In the DWPF process, glass will be
produced by combining sludge and supernatant
waste components with nonradioactive frit.
Waste components will be combined in large
macro-batches, homogenized, and processed. A
range of possible compositions has been
identified,4 with the goal of producing glass
with a durability similar to sludge-only
165 frit based glass, and no worse than
sludge-only 131 frit based glass.5 The
identification of 131 based glass as a
limiting glass composition Is also made in the
environmental assessment of the DWPF.6

The glass produced in the DWPF will be
radioactive, such that it must be processed
and handled using remotely operated
facilities. However, most testing to evaluate
the performance of glass has been done using
simulated nonradioactive analogs of the same
general composition as the radioactive glass.
To meet the above requirements related to
glass composition it must be demonstrated that
the simulated experiments are an adequate
representation of reaction that will occur
with the actual glass to be produced by the
DWPF. The Issues of concern are: (1) Is
there an effect due to the radioactivity that
is not adequately simulated using nonradio-
active glass, and (2) is there an effect of
using glasses that may not contain all the
nonradioactive components that will be present
in the sludge, supernate, and frit feeds to
the DWPF. Nonradioactive glasses are gener-
ally produced using pure starting materials,
and thus minor components that will be present
in the DWPF glass may not be Included 1n the
simulated glass. The effect of minor com-
ponents may be accentuated when glass 1s
reacted under the high SA/V conditions
expected 1n the unsaturated repository.

- Testing of radioactive glass has been
performed by Westinghouse Savannah River
Company (WSRC).'"10 However, the previous
tests were done under saturated conditions for
periods of time less than one year. The
present tests will extend the duration of
testing to longer time periods, will address
conditions expected in the unsaturated
environment, and will evaluate the comparison
between radioactive and nonradioactive glasses
for three different compositions.

To meet the concerns described above,
three types of tests are being performed with
three different compositions using actual DWPF
sludge-based glass. These tests are:

(I) Long-term, high SA/V static tests
done with monoliths and powders.
These tests provide temporal
solution trends, plus easy
identification of secondary phases
combined with the distribution of
radionuclides in the reacted glass
layers.

(II) Long-term, high SA/V, intermittent
flow tests done using a version of
the Unsaturated Test Procedure11
that has been modified to be
applicable to fresh glass mono-
liths and specimens that have been
aged via a vapor-phase hydration
process.

(Ill) Long-term repository environment
tests done using the laboratory
analog approach3 as applied to
both fresh and aged glass
monoliths.

The tests are being performed with three
groups of glass compositions. These Include
(1) 165 sludge-only based glass designated
165/42 (the glass frit is 165 type and the
sludge 1s from tank 42); (2) 131 based glass
designated 131/11 (the glass frit Is 131 type
and the sludge 1s from tank 11); and (3) 200
frit based glass designated 200R (the glass
frit is 200 type and the sludge is from
tanks 8 and 13 and the PHA feed 1s simulated).
These glasses were produced by WSRC 1n prior
campaigns used to test the glass mini-melter,
have been archived in the WSRC hot-cell
facilities, and recently were made available
for testing. The compositions of these
glasses are shown In Table 1. When the
compositions are compared to the anticipated
compositions given in the Waste Compliance
Plan (WCP), It 1s clear that the 165/42 and
131/11 glasses are Al-rich, Fe-poor
compositional endmembers lacking the PHA feed,
and are not expected to be produced. However,
the 200R glass, while slightly more alkali-
rich than the WCP blend glass (an average of



Table 1. Composition of Radioactive Glasses
Used in Testing

Oxide
Coir.ionent

B 20 3

Na20
Lf20
K20
SiO2

Fe203

A12O3

CaO
MnO2

MgO
U 30 8

NiO
ZnO
TiO2

Cr2O3

SrO
ZrO2

Cs20
BaO
PbO
La203

CuO
P205
Ho03

CoO
Ag20

200R

9.7
15.0
3.4
3.5

45.5
9.0
5.9
0.9
1.6
1.6
1.8
0.9
0.02
0.08
0.3
0.01
0.06
0.1
0.02
0.03
0.06
0.1
0.3
0.01
0.01
-

131/11

9.4
16.6
3.3
0.05

45.5
4.8
9.7
3.9
1.7
1.4
0.3
0.5
0.02
1.5
0.9
0.02
0.08
-

0.02
0.02
- -
0.02
-
-
-

0.01

165/42

8.0
11.1
4.7
0.05
54.6
5.9
10.4
0.3
1.9
1.0
-
0.6
0.03
-

0.3
0.04
0.8
-
-

0.05
-
0.03
-
-
-
-

glasses expected to be produced by the DWPF),
falls within a composition range that may be
produced by the DWPF. The type and purpose of
the testing done with each glass Is dependent
on the composition.

Of the three types of tests, the group
(I) tests have been started for all three
glass types, and the test matrix 1s shown 1n
Table 2. For each glass type several tests
have a to-be-determination (TBD) duration.
These tests will be used to replace scheduled
tests that fail for some reason or to fill In
data needs that are Identified as the tests
progress. The tests with 165/42 glass and the
simulated nonradioactive analog (165/42S
glass) have been In progress for 280 days and
the available results are presented below.
Tests with 131/11 glass have also progressed
through 280 days while tests with 131/11S and
the 200R based glasses have been In progress
for 90 days. Tests In the group (II) and
(III) category will be done using the 200R
glass and are scheduled to begin during 1991.

" The group (I) tests are being performed
with monoliths following a modified MCC-1
procedure and with powdered glass using the
PCT12 procedure. Both test series are done at
90*C using J-13 water that has been
preequilibrated with tuff as the leachant.
The tests are performed 1n duplicate 1n 304L
type stainless steel vessels with annealed
copper gaskets,' and the sample solutions are
extracted at 90*C to avoid quench effects.
Both the monolith and powdered tests have been
in progress for nearly 280 days with the
monolith test periods completed through
91 days (two test periods) and the powdered
tests through 140 days (three test periods).
Since this glass is not expected to be
produced in the DWPF, the purpose of these
tests is solely to compare the reaction of
radioactive and simulated glass. The matrix
contains only a limited number of early
sampling periods, but extends the reaction
time to look for longer term effects. Any
conclusions regarding comparative reaction
rates must be tempered until the matrix is
completed.

Static tests performed at high SA/V are
ideal tests to compare glass reactivity
because the leaching solutions will be glass
controlled (as opposed to groundwater
controlled as In a flowing system) much as
expected in an unsaturated environment.

At the termination of the tests, the
solutions are analyzed for pH, anions, organic
and total carbon, cations, and for the 165/42
glass, selected radionuclides. The glass
samples are removed from the test, rinsed with
deionized water, stored under ambient
conditions, and examined using a variety of
surface analytical techniques Including
secondary Ion mass spectroscopy (SIMS),
scanning electron microscopy (SEM), and
analytical electron microscopy (AEM).

Selected results are shown In Table 3.
The releases of Li, B, and Pu normalized to
the glass surface and elemental weight
percent, together with pH, anion, and carbon
concentrations are presented. For the
monoliths, after 91 days, while there are no
outstanding differences In the reactivity
between the 165/42 and 165/42S glasses, there
are some Interesting points that bear further
examination In tests of longer duration.
These include:

(1) The glass reaction 1s not congruent
with LI being released 5-10 times
faster than B and Pu. This suggests
that Li is being released via an
alkali depletion process that
precedes the breakdown of the glass
matrix. This point will be further
examined by performing SIMS profiles
on the reacted monoliths.



Tiblt 2. kbtrii1 for Croup (I) Batch leach Tuts Done with Radioactive Clan

SA/Y (e-1)

Reaction
Progress*

1,121
2,3M
4,761

9^52*
14,Mi
19,f4l

3^941
M,*M
61,881

123,76*
HI,He
247,521
2M,Mi
495,fM
S6l,fM
99»,KI

l,12f,»M
1,96*,IH
3,649,H*
7,2M,IM

ll ,92f ,IN
14,S6l,Mf

HI Glass

131/11

341

28

91

364

728

1456

2912

2rM

31

71

141

2M

561
SSI

182S

Sin

341

28

91

364

728

1456

2912

)

ilated

2fM

31

71

146

28*

56*
98*

1821

341

14

56

182
364

728

1456

TBO
TBO

2Mn

26M

3

14

7*

2M

566
961

1821

TEC
TBO

212 Glass TjrpaC

2I.M6

14

56
98

182
364
546
726
TBO
TBO

341

14

56

182
364

728

1456

TBO
TBO

Simulated

2 m 2i

3

14

71

261

561
981

1621

TBO
TBO

14

56
SS

182
364
546
726
TBO
TBO

165 Class Tjpe<

165/42

341

26

91

364

726

1/58

2912

TBO

26M

31

71

141

281

568
981

1821

TO

Simulated

341

28

91

364

728

1456

2912

TBO

26M

36

7f

141

261

861
981

1821

TBO

Blank*1

3
14
28
31
S6
71
91
96

141
182
26*
364
546
728
98*

1456
1626
2912
TBO
TBO
TBO
TBO

•The entries in the Table indicate the duration of • specific test . The tests done at 341 e"1 use lonoliths, the tests done i t 2M* >nd
2l,Mf i - l use powder.
"Tests will be single tests.
^Testswill be duplicate.
'Reaction Progress in tens of SA/Yit. Ko significance is iiplied to the use of this reaction progress indicator.
TBO = To be detenined.

Table 3. Selected Results for the Reaction Reaction of 165/42 and 131/11 Based Classes

Glass

165/42'
•onolith

165/42$'
•onolith

165/42"
powder

165/425'
powder

V,
341

341

2M*

2fM

Test
Duration

(da,s)

21
91

21
91

31
71

141

31
71

141

1.54
1.37

I.H
1.64

1.38
9.H
9.77

9.31
9.34
».47

Noraalized Elemental
Release (g/i*)

(Ml
1.64
f.K

I.M
1.11

f.34
f.45
f.52

f.32
f.41
1.48

.i ODB W P U

I.M I.M
1.15 1.17

1.13
1.17

I.M 1.14
1.11 1.16
f.15 f.19

I.f4
f.K
1.17

Organic
Carbon
Iff)

14.1
11.1

14.1
111

f.l
1.6
1.6

72.7
72.1
73.1

Inorganic
Carbon

Iff)

21.9
43.5

21.6
26.1

27.2
36.9
26.1

37.7
H. t
32.1

Ms-
1.1
2.1

14
22

1.6
1.6

14
15

Anion Concentrations

» 2 -

9.7
I.I

1.2

1.1
11

2.1
1.4

ci-

13
11

12
13

9.S
11

11 -
14

F"

6.8
4.9

6.4
1.1

3.1
3.S

3.2
3.9

soy
36
35

29
33

24
28

25
27

•Values are avenge of duplicate tests.
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(2) Boron and Pu are released to nearly
the same extent suggesting that
their release is controlled
primarily by breakdown of the glass
matrix, with only limited Pu
retention due to the formation of a
reacted layer.

(3) The pH in the 165/42 tests is
becoming more acidic with time,
while the reverse is true in the
165/42S.

(4) Nitrate is converted to nitrite for
the 165/42 glass tests.

(5) The release of B from 165/42S glass
1s greater than from 165/42.

For the powder tests, there is a clear
difference in the amount of organic carbon in
solution, with about 10 times more released
from the 165/42S glass. There is also an
indication that the leachate pH and (NL)B
values are slightly lower for the 165/42S
glass.

The glass reaction process was further
examined by analyzing the reacted powders from
each test period with transmission electron
microscopy (TEM). With this technique,
carefully selected sections of reacted glass
were mounted in epoxy and transverse cross-
sections of the glass/layer structure were
prepared using ultramicrotomy. Thin-sections
of the glass/layer structure less than 500 A
1n thickness were prepared with the Indigenous
petrography intact. An example of the
glass/layer structure from 165/42S glass
reacted for 140 days is shown 1n Fig. 1.
These micrographs indicate that there is
essentially no restructuring of the glass
matrix or precipitation from solution to form
a layer on the glass surface. Thus, other
than by alkali depletion, which does not
result in enough structural alteration to be
noted using TEM, the glass appears to be
reacting at the solution/glass interface via
hydrolysis of the alkali depleted glass. Such
a process would result in nearly equivalent
release of B and Pu as is observed in the
solution results.

Tests to Evaluate the Effect of 5A/V
on Glass Reaction

Tests to evaluate the performance of
glass in an unsaturated environment must
address the unique features of such an
environment and must be performed for time
periods of long enough duration so as to reach
the state where secondary phase formation (as
opposed to supersaturated solution concentra-
tions) controls the glass reaction. The
unsaturated repository presents a challenge in

Fig. 1. TEM Micrograph of a Cross-Section of
165/42S Glass Reacted for 140 Days.
The scale bar represent 50 nm. The
chattering in the glass is due to the
thin-sectioning process.

performing long-term testing because over the
duration of storage, the conditions in the
repository are expected to change, perhaps
significantly, with respect to the amount of
water available to react with the glass and to
transport radionuclides. Thus, the effect of
varying amounts of water in contact with the
glass must be understood as It can affect
reaction progress, and the effect of physical
parameters that may be compounded by changes
in SA/V need to be qualified.

SA/V effects are being examined in a
series of static tests being performed at SA/V
ratios between 10 and 20,000 nr*. The low
SA/V tests (up to 340 nr1) are being performed
with monolithic samples while the high SA/V
tests (2000 and 20,000 m"l) are performed with
powders. Static tests are of use to
evaluating glass performance in an unsaturated
environment because water flow, If any, will
be very limited and the solution composition
in contact with the glass will be determined
mainly by the glass reactivity. Static tests
are the first In a series of tests used to
validate glass performance models developed by
the YMP and the test conditions promote the
formation of secondary phases as the glass
reacts because there is no solution exchange.



The focus of the test series is on
monitoring elemental solution concentrations
as a function of reacted layer development.
Of special Interest will be the actinide
distribution as determined from solution
analyses and the identification of actinide-
bearing secondary phases. Three different
glass compositions are being tested, each
glass doped with transuranic elements. The
glasses include 202A with a composition nearly
Identical to the blend glass identified in the
WCP, a 131A glass to represent a glass with a
projected lesser durability, and a 165A glass
which is projected to be a more durable glass.
The three compositions represent a bounding
compositional range of glasses as identified
in the WCP and should provide mechanistic
Information regarding glass reaction to assist
in submodel development.

A preliminary series of tests was
conducted to evaluate conditions under which
batch monolith tests could be performed. The
standard MCC-1 SA/V is 10 nr1. However, under
storage conditions, the minimum SA/V
achievable is ~70 nr1 which occurs if the
headspace of the pour canister is completely
filled with water. The problem in performing
tests with monoliths is how to attain a high
SA/V while keeping the glass surfaces covered
with water during the test period and
retaining enough solution to perform complete
solution analyses.

The preliminary matrix included tests at
10, 50, and 100 nr1 for time periods up to
100 days. An overlap in the product of
SA/V * time was maintained so samples reacted
at equivalent SA/V * t could be examined to
compare structure of the reacted layer.

Under conditions where cations from the
glass are released to solution based solely on
stoichiometric dissolution of glass Into
water, a higher SA/V will result In a more
concentrated solution In a shorter period of
time. Without any competing effects such as
precipitation of secondary phases or the
development of a reacted layer on the glass
surface which may alter the rate-controlling
process by which the glass reacts, tests at
high SA/V may offer Insight Into effects that
can be Important to controlling long-term
glass reaction.

The preliminary tests were performed with
a 131 type composition that has been studied
extensively.13 and the test conditions (90*C,
DIW, Teflon™ vessels) were chosen to
duplicate the previous work. The combined
solution and structural results will be
presented elsewhere, but It 1s instructive to
examine the gross structure of the reacted
layers. The layer structure of 131 glass
reacted at 10 nr1 has been described by

Abrajano13 as consisting of six distinct bands
. that form due to precipitation from solution
and in-situ restructuring of the glass as
hydrolysis of the glass occurs. The
precipitated crystalline phases include the
hydrated Mn oxide phase, birnessite, a
saponitic clay phase, and a Fe-r1ch stain
demarcating the original glass surface. The
restructured glass forms a nontronitic clay
and a serpentine phase, with the restructuring
occurring at the Interface between bands 5
and 6. Band 6 is a noncrystalline region that
is adjacent to the glass, is depleted in
alkalis and B, and continues to increase in
thickness as the reaction proceeds. However,
because it is not crystalline, 1t apparently
retains some degree of its original glass
structure. The glass reaction occurs at three
fronts: (1) at the original surface where
precipitation from solution occurs, (2) at the
boundary between bands 5 and 6 where complete
breakdown of the glass structure occurs, and
(3) at the band 6/ glass Interface where
alkalis and B are released. The structure of
the band 6/glass interface is shown 1n Fig. 2a
where a continuous transformation from layer
to glass is observed. Under these conditions
a clearly nonstoichiometric elemental release
from the glass occurs.

The layer structures of the glasses
reacted at 50 and 100 m"1 are shown in
Figs. 2b and 2c. Figure 2b shows the entire
layer for the sample reacted for 10 days at
100 m"l. Here It is seen that only the
saponite clay has precipitated from solution,
the banded nature of the residual glass is
absent, and the Interface between the glass
and the reacted glass is not continuous but Is
open and filled with gaps. The same type of
layer structure Is observed on the sample
reacted at 50 nr1 for 20 days and the open
structure at the glass Interface Is shown In
Fig. 2c. The light-colored circular regions
are epoxy. Careful examination of the thin
section at high resolution indicates that
while the chattering in the glass has resulted
during sample preparation, the layer
structure, Including the open regions, was
preserved intact. It is suggested that during
the reaction process the open regions are
pockets of solution and the breakdown of the
glass structure occurs in these Immediate
areas. Thus, no band 6 equivalent exists and
elemental release from the glass should be
nearly stoichiometric. However, release to
the leachate may be nonstoichiometric
depending on transport through the crystalline
material shown 1n Fig. 2b. The results of the
preliminary tests indicate the extent to which
different reaction processes control elemental
release from the glass may vary as a function
of SA/V and that longer-term tests with
varying glass compositions should provide
valuable information for submodel development.



r^rjv^^asgk^

Fig. 2. Photomicrographs of 131 Glass Showing
Glass/Layer Interface (a) 10 nn1,
100 days; (b) 100 w1, 10 days; and
(c) 50 nr1, 20 days.

Tests to Evaluate the Effect of
Radiation on Glass Reaction ~

The effect of radiation on glass
reactivity has been the focus of numerous
studies that have examined radiation damage to
the glass14 and the formation of radiolysis
products In the leaching solutions.15
Essentially no radiation damage effect 1s
observed, and In tuff groundwater systems of
low SA/V, radiolysis effects are diluted or
buffered by the groundwater. However, only
limited testing has been performed under
conditions of water vapor contact2 with the
glass or high SA/V leaching conditions. Under
these conditions, alpha, beta, and gamma

radiation may be Important and a change in the
.solution chemistry could affect either the
stability of secondary phases or the
reactivity of the glass.

Initial tests were performed to determine
whether radiolysis products generated in the
air under unsaturated conditions (water vapor
with small volumes of liquid water) would be
concentrated In the liquid and whether alpha
or gamma radiation were effective in alt-.ing
the solution chemistry. The results as
presented by Wronkiewicz15 show that nitric
acid is produced nearly equally by both types
of radiation. Organic adds were also
produced. Both radiolysis products were
concentrated in the thin films of water that
covered the solid surfaces and the rate of
nitric acid production was predictable based
on the formalism of Burns.«

The effect of radiolysis products on
glass reaction is being examined under two
types of conditions. First, in an unsaturated
environment, the glass will initially be
exposed to a humid air environment. This
exposure will allow the glass to hydrate,2
transforming into an altered structure of
crystalline material. Previous studies of the
vapor hydration process have been done with
nonradioactive glasses and the crystalline
phases that form include zeolites, calcium-
silicates, and clays all of which have pH
dependent stability fields. Will the same
phases form when radiolysis products may
affect the localized solution chemistry, and
will the rates of reaction vnry7 Tests are
being performed with the 202, 131, and 165
based glasses as used In the SA/V studies to
address these Issues. Initial results with
202 glass15 suggest differences in reactivity
and the crystalline products do occur, and
additional tests are In progress. Further
studies will Investigate whether the
crystalline phases that form are stable under
the radiation environment.

The second set of tests consist of
leaching under conditions of a minimal
solution volume between the glass and the air.
Leaching tests are being performed at 90*C,
near the highest practical temperature at
which liquid phase water would be expected to
be present and in contact with the glass. The
SA/V used In these tests is 340 ro"1 to provide
results comparable with those obtained In the
SA/V tests done without radiation. The
glasses are 202A and 165A and the glass
surface area Is 690 mm2, the water volume Is
2 cc, and the gas volume 1s 22 cc. The tests
are done In a gamma irradiated environment
with a dose rate of 5 R/h which Is near the
maximum that could be attained during storage.
The test conditions represent bounding storage
conditions and could be achieved only 1f there



was premature containment breach and
unexpected Ingress of water. However, the
conditions are those most likely to produce an
effect In the glass reactivity. Tests are to
be performed for periods up to two years and
the longest term tests have been in progress
for six months. The tests of shorter duration
are being performed on a staggered schedule
and have not yet been started.

CONCLUSIONS

An experimental program Is In progress
and preliminary results are presented wherein
the effect of selected physical parameters on
glass reactivity under unsaturated conditions
has been described. These results provide
confidence that an adequately wide range of
parameters are being examined with respect to
glass disposal in an unsaturated repository;
and in conjunction with well-established
process control during glass production and
with the development of a mechanistically
based model to predict long-term glass
performance, provide confidence that a well-
rounded program is in place to qualify glass
for repository disposal.
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