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ABSTRACT

Uncertainty and sensitivity analysis techniques based on Latin hypercube sampling, partial
correlation analysis, stepwise regression analysis and examination of scatterplots are used in
conjunction with the BRAGFLO model to examine two phase flow (i.e., gas and brine) at
the Waste Isolation Pilot Plant (WIPP), which is being developed by the U.S. Department of
Energy as a disposal facility for transuranic waste. The analyses consider either a single
waste panel or the entire repository in conjunction with the following cases: (1) fully
consolidated shaft, (2) system of shaft seals with panel seals, and (3) single shaft seal
without panel seals. The purpose of this analysis is to develop insights on factors that are
potentially important in showing compliance with applicable regulations of the U.S.
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topics investigated are (1) gas production due to corrosion of steel, (2) gas production due to
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identified in the analyses include initial brine saturation of the waste, stoichiometric terms
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1. INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) in southeastern New Mexico is
being developed by the U.S. Department of Energy (DOE) as a research and
development facility to demonstrate the safe disposal of defense-generated
transuranic waste (U.S. DOE, 1980; U.S. DOE, 1991). The WIPP must comply
with various environmental regulations of the U.S. Environmental Protection
Agency (EPA), including 40 CFR 268.6, Petitions to allow land disposal of a
waste prohibited under Subpart C of Part 268 (implementing the Resource
Conservation and Recovery Act [RCRA, U.S§. EPA, 1986])) and 40 CFR 191,
Subpart B, the Environmental Standards for the Management and Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (U.S. EPA,
1985). 1In support of the development of the WIPP and to provide perspective
on compliance with various applicable regulations, Sandia National
Laboratories (SNL) is conducting an ongoing performance assessment for the
WIPP (Bertram-Howery and Hunter, 1989; Lappin et al., 1989). At present, a
performance assessment is carried out each year to summarize what is known
about the WIPP and to provide guidance for future work (Marietta et al.,
1989; Bertram-Howery et al., 1990; WIPP PA, 1991a).

The 1991 WIPP performance assessment (WIPP PA, 1991a; 1991b; 1991c;
Helton et al., 1992) is the first to model the generation of gas in the
repository and the potential flow of this gas away from the repository. The
primary focus of prior performance assessments for the WIPP has been on
compliance with 40 CFR 191, Subpart B, which primarily inveolves radionuclide
releases due to cuttings removal and transpurt by groundwater. The two
phase (i.e., gas and brine) flow calculations performed for the 1991 WIPP
performance assessment provide the first opportunity to investigate factors
that may influence compliance with 40 CFR 268.6.

To provide perspective on factors influencing compliance with 40 CFR
268, three analysis cases were considered as part of the 1991 WIPP

performance assessment:

Case 1: Fully Consolidated Shaft
Case 2: System of Shaft Seals with Panel Seals
Case 3: Single Shaft Seal without Panel Seals.

All three cases examine the undisturbed performance of the WIPP over
10,000 yr. Case 1 uses a model configuration identical to that used in the
1991 WIPP performance assessment for scenarios involving human intrusion
during exploratory drilling for natural resources, with the significant
difference that an intrusion does not occur. Because the Case 1 model
configuration was designed to assess flow up a borehole, shafts are,
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Chapter 1. Introduction

depending on preferred terminology, omitted or assumed to be fully
consolidated. This assumption forces all significant fluid flow from the
repository to occur horizontally through anhydrite layers above and below
the waste panels. Cases 2 and 3 contain permeable shafts, with the result
that both horizontal and vertical fluid migration is pussible.

For each case, uncertainty and sensitivity analyses are performed to
determine the factors affecting gas and brine movement away from the
repository. Gas movement provides an indication of the extent to which
volatile organic compounds (VOCs) might be transported away from the
repository. Similarly, brine movement provides an indication of the extent
to which heavy metals and other contaminants might be transported away from
the repository by flowing brine. The uncertainty and sensitivity analyses
use techniques based on Latin hypercube sampling, examination of
scatterplots, partial correlation analysis and stepwise regression analysis
(Helton et al., 1991; Helton, 1992).

A prior report describes the three analysis cases in detail and
provides an overview of the manner in which the BRAGFLO computer program is
used to model two-phase flow for these cases (WIPP PA, 1992). Additional
information on BRAGLFO is available in Ch., 5 of WIPP PA, 1991b. In
addition, WIPP PA, 1992 presents sensitivity analysis results based on the
examination of scatterplots and the results associated with individual
sample elements. The present report uses more formal procedures based on
partial correlation analysis and stepwise regression analysis, although
examination of scatterplots will also be used extensively.

As a reminder, there are two types of uncertainty in a performance
assessment: stochastic uncertainty and subjective uncertainty (Ch. 3, WIPP
PA, 1991a; Helton, 1983). Stochastic uncertainty refers to the fact that
many different occurrences have a real possibility of taking place and is
incorporated into a performance assessment through the probabilities for
individual scenarios. Subjective uncertainty refers to the analysts’ lack
of knowledge with respect to values for parameters required in the
computational implementation of a performance assessment and is incorporated
into a performance assessment by developing distributions for imprecisely
known parameters that characterize a degree of belief as to where the
appropriate value to use in the analysis is located. The three analysis
cases are equivalent to individual scenarios, and there is no consideration
of their probability of occurrence. Thus, the results presented in this
report do not involve stochastic uncertainty. Rather, the uncertainty and
sensitivity analyses are studying the effects of subjective uncertainty.

1-2



2. CASE 1: FULLY CONSOLIDATED SHAFT

2.1 Summary Description*

Case 1 involves a single waste panel and employs the model
configuration used for the undisturbed scenario in the 1991 WIPP performance
assessment (Sects. 5.2.3 and 5.2.4, WIPP PA, 1991b). The computational
implementation with BRAGFLO is based on an axisymmetric geometry (Fig. 2-1)
and uses the gridding scheme shown in Fig. 2-2. The drift and shaft systems
are omitted from the model, which is equivalent to the assumption of a
sealing system that produces properties identical to undisturbed halite.

The single waste panel considered in Case 1 is represented as a
cylinder with the same enclosed volume as the mean volume of the ten waste-
disposal panels, including the volume occupied by the halite pillars
separating the rooms (Fig. 2-3). Pillars are included in the panel volume
to preserve the horizontal cross-sectional area through which brine inflow
from the anhydrite interbeds could occur. This results in a cylinder having
a radius of approximately 97 m. Porosity of the modeled panel is less than
the porosity of the waste and backfill alone due to the presence of the low-
porosity halite in the pillars. As discussed later, a correction is also
made to approximate the room expansion that might occur from the presence of
waste-generated gas. Initial brine saturation is also adjusted for the
presence of the pillars, which are fully saturated with brine. These
adjustments are discussed in the documentation for the 1991 preliminary
comparison with 40 CFR 191, Subpart B (Sect. 3.4.8, WIPP PA, 1991c).

The region modeled with BRAGFLO includes Marker Bed 139 (MB139), which
is an anhydrite interbed below the waste-disposal horizon, and Anhydrite
Layers A and B above the panel (Fig. 2-2). These units are included in the
model because they have higher permeability than the intact halite of the
Salado Formation and therefore are preferred pathways for fluid flow. As
modeled, Marker Bed 139 is 0.9 m thick and 2.9 m below the panel floor.
Anhydrite Layers A and B are represented as a single layer 0.21 m thick,
corresponding to the combined thickness of the two units, and are located
5.33 m above the floor of the panel at the elevation of Anhydrite Layer B,
The thickness of the waste panel was uncertain and ranged from 2.67 m to
3.64 m. This variability resulted from uncertainty with respect to waste
composition, which in turn controls waste porosity after compaction and thus

panel height.

*Adapted from Section 2.2 of WIPP PA, 1992.
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Chapter 2. Case 1: Fully Consolidated Shaft

- - N

TRI-6342-1476-0

Figure 2-1. Schematic representation of an axisymmetric cylindrical model
(Fig. 2-1, WIPP PA, 1992).
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2.2 Sampled Variables

The disturbed rock zone (DRZ) surrounding the excavation is assumed to
extend upward to the top of Anhydrite Layers A and B and downward to the
base of Marker Bed 139. The lateral extent of the disturbed rock zone
within the halite is not included in this model because the principal flow
paths of interest are through the disturbed rock zone vertically to the
anhydrite layers.

The modeled region extends laterally for a radius of approximately 22
km. This distance is a compromise value; a more-distant boundary might
result in greater computational accuracy, but uncertainty in the geologic
system being modeled increases away from the repository (Powers et al.,
1978). The model extends upward to the Culebra Dolomite Member of the
Rustler Formation and downward to the Castile Formation., These units are
included because they represent potential sinks and sources, respectively,
for brine flow in the system, For simplicity, the lower unnamed member of
the Rustler Formation is combined with the Culebra Dolomite, and the two are
modeled as a single unit with properties representative of the Culebra
Dolomite. No flow in the direction normal to the horizontal boundary is
assumed below the repository in the Castile Formation and above the
repository in the Culebra Dolomite. Within the Culebra, the vertical far-
field boundary is defined at a constant pressure, reflecting the Culebra's
high transmissivity relative to adjacent layers and role as a sink for fluid
flow.

2.2 Sampled Variables

The 14 imprecisely-known variables listed in Table 2-1 were used as
input to BRAGFLO for the Case 1 uncertainty and sensitivity analyses. As
discussed in the Introduction, the distributions indicated in Table 2-1 for
the individual variables are characterizing subjective uncertainty. The
Case 1 calculations used a Latin hypercube sample (McKay et al., 1979; Iman
and Shortencarier, 1984) of size 60 from the 14 variables in Table 2-1.
Further, the restrictive pairing technique developed by Iman and Conover
(Iman and Conover, 1982; Iman and Davenport, 1982) was used to ensure that
the correlations between uncorrelated variables were close to zero and that
correlated variables had correlations close to their specified values. The
resultant sample is listed in Table 3.1-2 of WIPP PA, 1992 %%

**The 1991 performance assessment for the WIPP used a Latin hypercube sample
of size 60 from 45 imprecisely known variables (Table B-2, WIPP PA, 1991b;
Table 3-1, Helton et al., 1992). The BRAGFLO calculations for Case 1 are
the BRAGFLO calculations performed for undisturbed panel behavior in the
1991 WIPP performance assessment. Further, the indicated variable values in
Table 3.1-6 of WIPP PA, 1992 are the values obtained in this original sample
of size 60 for the 14 variables in Table 2-1.
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Chapter 2. Case 1: Fully Consolidated Shaft

Table 2-1. Imprecisely Known Varlables Used in BRAGFLO in the Estimation of the Behavior of an

Undisturbed Waste Panel.

Varlable

Definition

BRSAT

GRCORH

GRCORI

GRMICH

GRMICI

MBPERM

MBPOR

Initial liquid (brine) saturation of waste (dimensionless). Range: 0t02.76 x 10-1.
Median: 1.38 x 10-1. Distribution: Uniform. Additional information: Section 3.4.9,
WIPP PA, 1991c. Variable 1 in Latin hypercube sample Is uniformiy distributed on
interval [0,1] and used to select value for BRSAT by preprocessor to BRAGFLO.

Scale factor used in definition of gas generation rate for corrosion of steel under
humid conditions (dimensionless). Actual gas generation rate is GRCORH+GRCORI.
Range: 0to 5 x 10-1. Median: 1 x 10-1. Distribution: Piecewise uniform. Additional
information: Memo from Brush, July 8, 1991, contained in Appendix A, WIPP PA,
1991¢; Section 3.3.8, WIPP PA, 1991c. Variable 3 in Latin hypercube sample.

Gas generation rate for corrosion of steel under inundated conditions (mol/m?2 surface
area steel+s). Range: 0to 1.3 x 10-8 mol/m2 s, Median: 6.3 x 10-9 mol/m2 s,
Distribution: Piecewise uniform. Additional information: Same as GRCORH. Varlable
4 in Latin hypercube sample.

Scale factor used In definition of gas generation rate due to microbial degradation of
cellulosics under humid conditions (dimenslonless). Actual gas generation rate is
GRMICH«GRMICI. Range: 0to2 x 10-1. Median: 1 x 101, Distribution: Piecewise
uniform. Additional information: Same as GRCORH. Variable 5 in Latin hypercube
sample.

Gas generation rate due to microbial degradation of cellulosics under inundated
conditions (mol/kg cellulosics+s). Range: 0to 1.6 x 10-8 mol/kg's. Median:

3.2 x 10-9 mol/kg s. Distribution: Plecewise uniform. Additional information: Same
as GRCORH. Varlable 6 In Latin hypercube sample.

Permeability (k) In anhydrite marker beds in Salado Formation under undisturbed
conditions (m2). Range: 8.5 x 10-21t0 1.8x 10-18 m2. Medlan: 7.8 x 1020 m2,
Distribution: Piecewise uniform with a 0.8 rank correlation with SALPERM. Additional
information: Memo from Beauheim, June 14, 1991, contained in Appendix A, WIPP
PA, 1991c; Section 2.4.5, WIPP PA, 1991c. Variable 12 in Latin hypercube sample.

Porosity (¢) in anhydrite marker beds in Salado Formation under undisturbed
conditions (dimensionless). Range: 1x 10-3to 3x 102, Median: 1x 1072,
Distribution: Piecewise uniform. Additional information: Section 2.4.7, WIPP PA,
1991c. Varlable 13 in Latin hypercube sample.
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2.2 Sampled Variables

Table 2-1. Imprecisely Known Varlables Used in BRAGFLO in the Estimation of the Behavior of an
Undisturbed Waste Panel (concluded).

Variable

Definition

MBPRES

MBTHPRES

SALPERM

STOICCOR

STOICMIC

VMETAL

VWOOD

Pressure (p) in anhydrite Marker Bed 139 under undisturbed conditions (Pa).
Pressures at other elevations in the Salado Formation were varied hydrostatically
relative to the sampled value for MBPRES. Range: 8.21 x 10610 1.48 x 107 Pa.
Median: 1.28 x 107 Pa. Distribution: Piecewise uniform. Additional information:
Memos from Beauheim, June 14, 1991, and Howarth, June 12, 1991, contained in
Appendix A, WIPP PA, 1991c; Section 2.4.6, WIPP PA, 1991¢. Variable 11 in Latin
hypercube sample.

Threshold displacement pressure (py) in anhydrite marker beds in Salado Formation
(Pa). Range: 3 x 103 to3x 107 Pa. Median: 3 x 105 Pa. Distribution: Lognormal
Additional Information: Davies, 1991; memo from Davies, June 2, 1991, contained in
Appendix A, WIPP PA, 1991c; Section 2.4.1, WIPP PA, 1991c. Variable 14 In Latin
hypercube sample is normally distributed on [0,1] and used to select value for
MBTHPRES by preprocessor to BRAGFLO; the actual value used for threshold
displacement pressure, pt, in BRAGFLO is log p; - log (5.6 x 10-7) - 0.346 log
(MBPERM) + (4+MBTHPRES-2).

Permeability (k) in halite component of Salado Formation (m2). Range: 2.0 x 10-22 to
1.4x10-19 m2 Median: 5.7 x 10-21 m2. Distribution: Piecewise uniform. Additional
information: Memo from Beauheim, June 14, 1991, contained in Appendix A, WIPP
PA, 1991c; Section 2.3.5, WIPP PA, 1991c. Variable 10 in Latin hypercute sample.

Stoichiometric factor for corrosion of steel (dimensionless). Defines proportion of two
different chemical reactions that take place during the corrosioi process. Range: 0to
1. Median: 5 x 10-1. Distribution: Uniform. Additional information: Brush and
Anderson in Lappin et al., 1989, p. A-6; Section 3.3.8, WIPP PA, 1991¢. Variable 2 in
Latin hypercube sample.

Stoichiometric coefficient for microbial degradation of cellulosics (mol gas/mol
CH»0). Range: 0to 1.67 mol/mol. Median: 8.35 x 10-1 mol/mol. Distribution:
Uniform. Additional information: Brush and Anderson in Lappin et al., 1989, p. A-10;
Section 3.3.9, WIPP PA, 1991c. Variable 9 in Latin hypercube sample.

Fraction of total waste volume that Is occupled by IDB (Integrated Data Base) metals
and glass waste category (dimensionless). Range: 2.76 x 10-1t0 4.76 x 10-1.
Median: 3.76 x 10-1. Distribution: Normal. Additional information: Section 3.4.1,
WIPP PA, 1991c. Variable 7 in Latin hypercube sample.

Fraction of total waste volume that Is occupled by IDB combustible waste category
(dimensionless). Range: 2.84 x 10-1 t0 4.84 x 10-1. Median: 3.84 x 10-1,
Distribution: Normal. Additional information: Section 3.4.1, WIPP PA, 1991c.
Variable 8 in Latin hypercube sample.




Chapter 2. Case 1: Fully Consolidated Shaft

The version of BRAGFLO used in the 1991 WIPP performance assessment did
not include a model for the competing effects of creep closure of a waste
panel and the resistance to and possible reversal of this process due to
waste generated gas. As a compromise, the pore volume in a waste panel was
initially set to the volume necessary to contain all the waste-generated gas
that could be produced from the initial inventory of steel and cellulosics
at lithostatic pressure (i.e., 14.9 MPa). As a result, initial pore volume
was a function of STOICCOR (stoichiometric factor for corrosion of steel),
STOICMIC (stoichiometric coefficient for microbial degradation of
cellulosics), VMETAL (fraction of total waste volume occupied by IDB metals
and glass waste category) and VWOOD (fraction of total waste volume occupied
by IDB combustible waste category). This procedure resulted in a pore
volume that was approximately equal to the pore volume of an uncompacted
waste panel (i.e., at the time of repository closure) but was approximately
five times the estimated pore volume of a waste panel for compaction at
lithostatic pressuire with no gas-related resistance., Additional discussion
is provided in Section 3.4.8 of WIPP PA, 199lc.

One BRAGFLO calculation was performed for each of the 60 sample
elements generated from the variables listed in Table 2-1. Thus, a total of
60 BRAGFLO calculations are available for analysis. The remainder of this
chapter is devoted to an exploration of the resultant mapping from BRAGFLO
input to BRAGFLO predictions.

In addition to the 14 sampled variables listed in Table 2-1, the
calculations for Case 1 also required values for a number of additional
variables that were fixed at their best-estimate values. These variables
and their values are listed in Tables 3.1-1la and 3.1-1b of WIPP PA, 1992,
Further, additional discussion of the BRAGFLO input for Case 1 is available
in Section 3.1 of WIPP PA, 1992,

2.3 Uncertainty and Sensitivity Analysis Results

Given that gas migration into the marker beds (i.e., anhydrite layers)
in the Salado Formation is the outcome of greatest interest for Case 1, a
natural starting point is an exploration of gas generation. Gas generation
has two sources: corrosion of steel and microbial degradation of
cellulosics. Further, each of these gas-generating processes can take place
under either inundated or humid conditions. Results relating to gas
generation are presented in Sections 2.3.1, 2.3.2 and 2.3.3. Then, gas
saturation and gas pressure in a waste panel are investigated in Section
2.3.4. Finally, lateral gas migration in the anhydrite marker beds is
investigated in Section 2.3.5.
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2.3 Uncertainty and Sensitivity Analysis Results

2.3.1 Gas Generation Due to Corrosion

A summary of the results for gas generation due to corrosion is given
in Figure 2-4. The two upper frames in Figure 2-4 show cumulative gas
generation as a function of time due to corrosion under humid conditions
(upper left frame) and corrosion under inundated conditions (upper right
frame). Each curve in the upper two frames results from a single Latin
hypercube sample element (i.e.,, each frame has 60 curves, one for each
sample element)., Overall, the range of gas production under humid
conditions is similar to the range of gas production under inundated
conditions, although the largest gas production curves occur for inundated
conditions.

Formal sensitivity analysis technlques based on partial rank
correlation (Helton et al., 1991; Helton, 1992) can be used to investigate
the variation in cumulative gas production shown in the upper two frames of
Figure 2-4. Specifically, the lower two frames in Figure 2-4 show time-
dependent plots of partial rank correlation coefficients between cumulative
gas production and individual variables from Table 2-1. These coefficients
were calculated on the basis of vertical slices through the cumulative gas
production curves., Figure 2-4 and other similar figures in this
presentation show the partial rank correlation curves for all sampled
variables that had a partial rank correlation coefficient whose absolute
value exceeded 0.5 for the particular dependent variable under consideration
and were generated with the PCCSRC program (Iman et al., 1985). As a
reminder, a positive rank correlation coefficient indicates that two
variables tend to increase and decrease together, and a negative rank
correlation coefficlient indicates that, as one variable increases, the other
tends to decrease,

As shown by the partial correlation results in the lower left frame of
Figure 2-4, cumulative gas production due to corrosion under humid
conditions tends to increase as GRCORH (scale factor used in definition of
gas-generation rate for corrosion of steel under humid conditions) and
GRCORI (gas-generation rate for corrosion of steel under inundated
conditions) increase. The positive effects for GRCORH and GRCORI result
because the actual gas-generation rate due to corrosion under humid
conditions is defined by GRCORH«GRCORI. Thus, increasing each of these
variables increases the rate at which gas is generated under humid
conditions.
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Chapter 2, Case 1: Fully Consolidated Shaft
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2.3 Uncertainty and Sensitivity Analysis Results

As shown by the partial correlation results in the lower right frame of
Figure 2-4, cumulative gas production due to corrosion under inundated
conditions tends to increase as GRCOR1 (gas-generation rate for corrosion of
steel under Inundated conditions), BRSAT (initial brine saturation of waste)
and SALPERM (Salado halite permeability) increase and tends to decrease as
GRCORH (scale factor used In definition of gas-generation rate for corrosion
of steel under humid conditions) increases. The positive effects for
GRCORT, BRSAT and SALPERM result because increasing GRCORI increases the
rate at which gas is generated by corrosion under inundated conditions and
increaslng BRSAT and SALPERM increases the amount of steel that will be
consumed by corrosion under inundated conditions. The i{mportance of GRCORI
decreases with time because, although GRCORI determines the rate at which
gas ls generated, 1t does not determine the total amount of gas that is
penerated,  The negative effect for GRCORH results because the increased
consumption of steel and brine hy corrosion under humid conditions reduces
the amount of gas that can be produced by the corrosion of steel under
inundated conditions.

Stepwise regression analysis (Helton et al., 1991; Helton, 1992) can
also be used to analyze the cumulative gas production results shown in
Figure 2-4. As an example, the two regression analyses shown in Table 2-2
are for cumulative gas production over 10,000 yr due to corrosion under
humid and inundated conditions, respectively. Thus, these two regression
analyses ave for the gas production values appearing above 10,000 yr {n the
two upper frames of Figure 2-4.

These analyses and other similar analyses in this report were pertormed
with the STEPWISE program (lman et al., 1980). A variable was required to
be significant at the 0.02 a-level to enter a repression mod. 1 and to remain
significant at the 0.05 a-level to be retained In a regression model (Draper
and Smith, 1981)., A considerable amount of discretion was used in the
selection of the stopping points for the individual regression analyses and
took into account behavior of R2-vu1ues, a-values, the PRESS criterion
(Alten, 1971), scatterplots, and the entry of apparently spurious variables
into the regression model. The analyses were tried with both raw (i.e.,
untransformed) data and rank-transformed (Iman and cConover, 1979) data. The
regression analyses with rank-transformed variables tvpically ylelded
regression models with higher R? values and more reasonoble variable
selections than the regression analyses with raw data. Therefore, all the
regression analyses presented in this report were performed with rank-

transtormed data.
The regression analysis in Table 2-2 for pas production under humid

conditions Indicates positive effects (1.e., positive regression
coefficients) for GRCORH (scale factor used in definition of gas-peneration
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Chapter 2. Cuase 1: Fully Consolidated Shaft

Table 2-2.  Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas Production
over 10,000 yr Due to Corrosion under Humid and Inundated Conditions.

Total Gas Production over 10,000 yr Total Gas Production over 10,000 yr
{Humid Corroslon) (Inundated Corroslion)

Step@  Varlableb SRcc  R2d Stepd VariableP SRCc  R2d
1 GRCORH 0.81 0.70 1 GRCORH -0.66 0.40
2 GRCORI 0.27 0.76 2 BRSAT 0.37 0.52
3 SALPERM -0.21 0.80 3 SALPERM 0.31 0.63
4 BRSAT -0.18 0.83 4 GRCORI 0.21 0.67

8 Steps In stepwise regression analysis

b variables listed in order of selection in regression analysis

C Standardized regression coefficients in final regression model

d Cumulative R2 value with entry of each variable Into regression model

rate for corrosion of steel under humid conditions) and GRCORI (pgas-
peneration rate for corrosion of steel under inundated conditions) and
negative effects (1.e., negative regression coefficlients) for SALPERM
(Salado halite permeability) and BRSAT (initial brine saturation of waste),
As indicated earlier, the positive effects for GRCORH and GRCORI result
because the gas-generation rate for the corrosion of steel under humid
conditions 1s GRCORH+GRCORI. The negative effects For SALPERM and BRSAT
result from increasing the amount of steel corroded under {nundated
conditions and thus decreasing the amount of steel avallable for corrosion
under humid conditions. The scale factor GRCORH is the mogt important
variable and accounts for 70% (i.e., R2 = 0.70) of the varfability in gas
generation due to corrosion under humid conditions. Further, GRCORI,
SALPERM and BRSAT collectively account for an additional 13% of the
variability (l.e., 83% - 70% = 13%).

The regression analysis In Table 2-2 for gas production under
inundated conditions indicates positive effects for BRSAT (initial brine
saturation of waste), SALPERM (Salado halite permeability) and GRCORI (gas-
generation rate for corroslon of steel under inundated conditions) and a
negative effect for GRCORH (scale factor used in definition of gas-
generation rate for corrosion of steel under humid conditions). These
effects result because Increasing BRSAT and SALPERM increases the amount of
steel exposed to corrosion under inundated conditions, increasing GRCORI
increases the gas-generation rate under inundated conditions, and
increasing GRCORH decreases the amount of steel avallable for corrosion
under inundated conditions., The scale factor GRCORH 1s the most important
variable and accounts for 40% of the varlability in gas generation due to
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2.3 Uncertainty and Sensitivity Analysis Results

corrosion under inundated conditions. Further, BRSAT, SALPERM and GRCORI
collectively account for an additional 27% of the variability.

The variables GRCORI (gas-generation rate for corrosion of steel under
inundated conditions) and GRCORH (scale factor used in definition of gas-
generation rate for corrosion of steel under humid conditions) are used in
the product GRCORH<GRCORI to define the gas-generation rate for the
corrosion of steel under humid conditions. As a result, GRCORH+<GRCORI is a
natural candidate variable for inclusion in a stepwise regression analysis
for gas production due to corrosion under humid conditions., As shown in
Table 2-3, this inclusion results in GRCORHeGRCORI being the first variable
sclected in a stepwise regression analysis for total gas production over
10,000 yr due to corrosion under humid conditions, with 77% of the
variability being accounted for. For comparison, the regression results
summarized in Table 2-2 indicate that GRCORH by itself can account for 70%
of the variability and that GRCORH and GRCORI together can account for 76%
of the variability. As the stepwise regression analysis presented in
Table 2-3 continues, GRCOR! is picked in the third regression model (i.e.,
at step 3). However, unlike the results shown in Table 2-2 for gas
generation under humid conditions, GRCORI now has a negative rather than a

positive regression coefficient; also, the regression coefficient for

Table 2-3. Stepwise Regression Models with Rank-Transformed Data for Cumulative Gas Production
over 10,000 yr Due to Corrosion under Humid Conditions. Four regression models were
constructed; standardized regression coefficients and R2 values are given for each of
these models.

Model 1: Model 2: Model 3: Model 4:
Varlable@ SRCb SRC SRC SRC
GRCORH+GRCORI 0.87 0.89 1.02 1.01
SALPERM - -0.25 -0.25 -0.25
GRCORI - - -0.23 -0.23
BRSAT - - - -0.14
R2 ValueC 0.77 0.83 0.86 0.88

@Varlables selected In regression models.

bstandardized regression coefficients for varlables in model. Model | designates the ith model
constructed in the stepwise regression analysis for i=1,2,3,4 (i.e., the model constructed at step ).

CR2 value for regression model.
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Chapter 2. Case 1: Fully Consolidated Shaft

GRCORH+GRCORI jumps from 0.89 to 1.02. This behavior results from the fact
that GRCORH+GRCOR1 and GRCORI are correlated and hence are being played-off
against each other in the regression analysis obtained at the third step of
the stepwise regression analysis presented in Table 2-3. The final
regression models presented in Tables 2-2 and 2-3 involve the same
underlying variables (i.e., GRCORH, GRCORI, SALPERM, BRSAT) and can account
for 83% and 88%, respectively, of the gas production under humid
conditions. Thus, inclusfon of GRCORH+GRCORI in the analysis results in a
regression model that can account for somewhat more of the variablility in
gas production; at the same time, the interpretation of the analysis is
made more difficult by the resultant instability In the regression
coefficients for GRCORH:GRCORI and GRCORI (i.e., the regression coefficient
for each variable depends on whether or not the other variable is in the

regression model).
2.3.2 Gac Generation Due to Microbial Degradation

A summary of the analysis results for gas generation due to microbial
degradation is given in Figure 2-5. The upper two frames in Figure 2-5
show cumulative gas generation due to microbial degruadation under humid and
inundated conditions, respectively. As comparison with the corresponding
plots in Figure 2-4 shows, gas generation due to microbial degradation is
approximately 50% or less of the gas generation due to corrosion. The
range of cumulative gas generation shown in Figure 2-5 is slightly larger
for inundated than for humid conditions,

The lower two frames in Figure 2-5 present sensitivity analysis
results based on partial rank correlation coefficients as in Figure 2-4,
For cumulative gas production under humid conditions, increasing each of
STOICMIC (stoichiometric coefficient for microbial degradation of
cellulosics), GRMICH (scale factor used in definition of gas-gencration
rate due to microbial degradation of cellulosics under humid conditions)
and GRMICI (gas-generation rate due to microbial degradation of cellulosics
under inundated conditions) increases gas production and increasing BRSAT
(initial brine saturation) decreases gas production., Increasing STOICMIC
increases the amount of gas produced per unit of cellulose consumed while
increasing GRMICH and GRMICI increases the rate GRMIC+GRMIC of microbial
degradation. Increasing BRSAT decreases the amount of gas produced under
humid conditions by increasing the amount of cellulosics that will be
consumed under inundated conditions. The importance of GRMICI decreases
over time as the inventory is depleted. For cumulative gas production
under inundated conditions, increasing each of STOICMIC, BRSAT, GRMICI and
SALPERM (Salado halite permeability) increases gas production. The
positive effects for BRSAT and SALPERM result from increasing the amount of
cellulosics that will be consumed under inundated conditions,
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2.3 Uncertainty and Sensitivity Analysis Results
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Figure 2-5. Uncertainty and sensitivity analysis results for gas generation
due to microbial degradation of cellulosics under humid and

inundated conditions.
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Chapter 2. Case 1: Fully Consolidated Shaft

The two regression analyses in Table 2-4 are for cumulative gas
production over 10,000 yr due to microbial degrada ion under humid and
inundated conditions, respectively. Thus, these tw regression analyses
are for the gas-production values appearing above 10,000 yr in the two
upper frames of Figure 2-5. For gas production under humid conditions, the
variables STOICMIC (stoichiometric coefficient for microbial degradation of
cellulosics), GRMICH (scale factor used in definition of gas-generation
rate due to microbial degradation of cellulosics under humid conditions)
and BRSAT (initial brine saturation) can account for 81% of the observed
variability in gas production, with gas production tending to increase with
increasing values for STOICMIC and GRMICH and tending to decrease with
increasing values for BRSAT. For gas production under inundated
conditions, the variables STOICMIC and BRSAT can account for 71% of the
observed variability in gas production, with gas production tending to
increase as each of these variables increases. When the three additional
variables SALPERM (Salado halite permeability), GRMICI and VWOOD (fraction
of total waste volume that is occupied by IDB combustible waste category)
are added to the regression model, 81% of the variability in gas production
can be accounted for, with gas production again tending to increase as each
of these variables increases. The positive effects for SALPERM and VWOOD
result because increasing SALPERM increases the amount of brine flowing
into a waste panel and thus increases the amount of gas generation that
will take place under inundated conditions and increasing VWOOD increases
the amount of cellulosics available for microbial degradation.

2.3.3 Totai Gas Production

The upper two frames in Figure 2-6 show total gas production due to
corrosion and microbial degradation and were obtained by combining the
corresponding results in Figures 2-4 and 2-5 for gas production under humid
and inundated conditions. Typically, low gas production under humid
conditions is associated with higher gas production under inundated
conditions and vice versa. As a result, the gas-production curves in
Figure 2-6 tend to lie farther above the abscissa than many of the
individual curves in Figures 2-4 and 2-5. Overall, the gas production due
to corrosion tends to be at least twice the gas production due to microbial
degradation. Gas production due to microbial degradation has more curves
close to zero than gas production due to corrosion because STOICMIC
(stoichiometric coefficient for microbial degradation of cellulosics) was
assigned a range of possible values that extends to zero, which results in

no gas generation due to microbial degradation.
The lower two frames in Figure 2-6 present sensitivity analysis

results based on partial rank correlation coefficients as in Figure 2-4.
For cumulative gas production due to corrosion, increasing each of GRCORI
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2.3 Uncertainty and Sensitivity Analysis Results

Table 2-4. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas Production
over 10,000 yr Due to Microbial Degradation under Humid and Inundated Conditions.

Total Gas Production over 10,000 yr Total Gas Production over 10,000 yr
(Humid Degradation) (Inundated Degradation)

Step@  Varlableb SRCC R2d Stepa VariableP SRce  Rad
1 STOICMIC 0.66 0.43 1 STOICMIC 0.79 0.65
2 GRMICH 0.55 0.73 2 BRSAT 0.27 0.71
3 BRSAT -0.29 0.81 3 SALPERM 0.22 0.76
4 GRMICI 0.16 0.79
5 VWOOD 0.16 0.81

a Steps in stepwise regression analysls

b Varlables listed in order of selection In regression analysis

C Standardized regression coefficients in final regression model
Cumulative R2 value with entry of each varlable into regression model

(gas-generation rate for corrosion of steel under inundated conditions),
GRCORH (scale factor used in definition of gas-generation rate for
corrosion of steel under humid conditions) and BRSAT (initial brine
saturation) tends to increase gas production and increasing STOICCOR
(stoichiometric factor for corrosion of steel) tends to decrease gas
production. Increasing GRCORI, GRCORH and BRSAT tends to increase the rate
of gas production and hence cumulative gas production, with this effect
becoming less important at later times due to exhaustion of either steel or
brine in the waste panel. The negative effect for STOICCOR results because
increasing STOICCOR increases the proportion of low-gas-producing reactions
in the corrosion process. For cumulative gas production due to microbial
degradation, GRMICI (gas-generation rate due to microbial degradation of
cellulosics under inundated conditions) and BRSAT (initial brine
saturation) have positive effects at early times and then decrease in
importance. In contrast, STOICMIC (stoichiometric coefficient for
microbial degradation of cellulosics) has an increasingly important
positive effect with time and ultimately dominates the variability in
cumulative gas production.

The two regression analyses in Table 2-5 are for cumulative gas
production over 10,000 yr due to corrosion and microbial degradation,
respectively. Thus, these two regression analyses are for the gas
producticn values appearing above 10,000 yr in the two upper frames of
Figure 2-6. The regression analysis for gas production due to corrosion
selected the variables STOICCOR (stoichiometric factor for corrosion of
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Cumulative Gas Production
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Figure 2-6. Uncertainty and sensitivity analysis results for gas generation
due to corrosion of steel and microbial degradation of
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2.3 Uncertainty and Sensitivity Analysis Results

Table 2-5.  Stepwlise Regression Analysis with Rank-Transformed Data for Total Gas Production Due
to Corrosion and Total Gas Generation Due to Microbial Degradation.

Total Gas Production over 10,000 yr Total Gas Production over 10,000 yr
(Corrosion) (Microblal Degradation)

Step8  Varlableb SRcC  R2d Stepa Variableb SRCC Rad
1 STOICCOR -0.48 0.21 1 STOICMIC 0.89 0.79
2 BRSAT 0.43 0.38 2 VWOOD 017 0.82
3 GRCORI 0.31 0.48 3 GRMICI 0.14 0.84
4 VMETAL 0.24 0.53
5 MBPRES 0.21 0.58

8 Steps In stepwise regression analysis

b variables listed In order of selection In regression analysls

C Standardized regression coefficlents in final regression model

d Cumulative R2 value with entry of each variable Into regression model

steel), BRSAT (initial brine saturation), GRCORD (gas-generation rate for
corrosion of steel under inundated conditlons), VMETAL (fraction of total
wiaste volume that is occupied by 1DB metals and glass waste category) and
MBPRES (pressure in Marker Bed 139 under undisturbed conditions), with
STOICCOR having a negative effect on gas production and BRSAT, GRCORI,
VMETAL and MBRPES having positive effects on gas production. However, the
resolution in the regression model is low, with all five variables
accounting for only 58% of the variability in gas production due to
corrosion.  This low resolution probanly results from noise introduced into
the analysis by sample elements in which the corrosion process stops in
individual computational cells before 10,000 yr due to the depletion of
brine.

To provide additional insight, Figure 2-7 presents sclected
scatterplots displaying the relationships between individual sampled
variables and total gas production over 10,000 yr due to corrosion. As
examination of the upper two frames shows, gas production tends to decrease
as STOICCOR (stoichiometric factor for corrosion of steel) increases and
tends to increase as BRSAT (initial brine saturation) increases. However,
there is a large amount of variability around these trends. These patterns
are consistent with the signs of the regression coefficients and low R2
values in Table 2-5. The scatterplots for STOICCOR and BRSAT are
particularly diffuse due to the almost random appearance of gas-production
values of less than 6 x 107 w3 over their ranges. As examination of the
scatterplot for GRCORI (gas-generation rate for corrosion of steel under

inundated conditions) in the lower left frame of Figure 2-7 shows, these
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Chapter 2. Case 1: Fully Consolidated Shaft

small gas production values tend to be assoclated with small values of
GRCORI, Total gas production increases almost linearly with GRCORI until a
value of 2 x 10-9 mol/m?s is reached, after which there appears to be no
relationship between GRCORI and total gas production. The scatterplot for
SALPERM (Salado halite permeability) fn the lower right frame of Figure 2-7
shows an interesting pattern, with there being wide variability in the
total gas production associated with values of SALPERM less than 1.5 x
10-20 n2 and a substantially reduced amount of variability for values of
SALPERM pgreater than 1.5 x 10-20 w2, The superposition of the effects of
GRCORI and SALPERM on the effects of STOICCOR and BRSAT results in a
pattern of relationships that cannot be easlly captured by a simple

regression model,

The regression analysis in Table 2-5 for gas production due to
microbial degradation is considerably more successful in accounting for the
observed variability in gas production than is the corresponding regression
analysis for gas production due to corrosion. 1In particular, STOICMIC
(stoichiometric coefficient for microbial degradation of cellulosics) was
found to account for 79% of the observed varfability and small additional
effects were Indicated for VWOOD (fraction of total waste volume occupied
by 1IDB combustible waste category) and GRMICI (gas-generation rate due to
microbial degradation of cellulosics under inundated conditlions). The
regression model with STOICMIC, VWOOD and GRMICI was able to account for
84% of the vartabllity in gas production due to microbial degradation of

cellulosics,

The cumulative gas production due to corrosion and to microbial
degradation can be combined to produce total gas production, as shown in
the upper frame of Figure 2-8. Most sample elements result in a total gas
[

5 % 107 mol and 1.2 x 108 mol. Also,

most sample elements show a period of rapid gas production In the first few

production over 10,000 yr between

thousand years, with considerably reduced rates of pas production at later
times., As examination of the two upper frames in Flgure 2-9 shows, the
inventory of steel and cellulosics Is often exhausted or significantly
depleted after the first few thousand years,

The lower frame in Figure 2-8 presents sensitivity analysis results
based on partial rank correlation coefficients. At early times, total gas
production is dominated by GRCORI (gas-generation rate for corrosion of
steel under inundated conditions), GRCORH (scale factor used in definition
of gas-genceration rate for corrosion of steel under humid conditions),
GRMICl (gas-generation rate for microbial degradation of cellulousics under
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Cumulative Gas Production
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Chapter 2. Case 1. Fully Consolidated Shatt

fnundated conditions) and BRSAT (initial brine saturation), with total gas
generatlion tending to increase as each of these varlables increases. As
time increases, GRMICI, GRCORH and GRCOR1 become less {mportant. In
contrast, STOICMIC (stoichiometric coefficient for microbial degradation of
cellulosics) and STOICCOR (stoichiometric factor for corrosion of steel)
are unimportant at early times but are the dominant variables {nfluencing
gas production at later times, with gas production tending to increase as
STOICMIC increases and tending to decrease as STOICCOR increases.

The regression analysls in Table 2-6 Is for cumulative gas production
over 10,000 yr due to both corrosion and microbial degradation., The first
variable selected In the analysis is STOICMIC (stoichlometric coefficient
for microbial degradation of cellulosics), which has a positive regression
coefficient and can account for 27% of the variability in total gas
production, The indicated effect for STOICMIC s consistent with its
dominant influence on gas generation due to microbial degradation as
indicated in Flgure 2-6 and Table 2-5. The next varlable selected in the
regression analysis s STOICCOR (stoichiometric factor for corrosion of
steel), with pas production tending to decrease as STOICOR increases. The
gselection of STOICMIC and STOICCOR as the first two variables in the
stepwise regression analysis {s consistent with the effects indicated for
them in the partial correlation analysis In Figure 2-8 for total gas
production, After STOICMIC and STOICCOR, the regression analysis selects
GRCORI (gas-generation rate for corrosion of steel under Inundated
conditions) and BRSAT (initial brine saturation). The positive regression
coefficients for GRCORI and BRSAT and the negative regression coefficient
for STOICCOR are consistent with the effects of these variables on gas
generation due to corrosfon already seen In Figures 2-6 and 2-7 and Table
2-2. Collectively, STOICMIC, STOICCOR, BRSAT and GRCORI can account for
59% of the variability in total gas production over 10,000 yr. As shown by
the scatterplots in Filgure 2-10, no single varfable identified in the
regression analysis in Table 2-6 (i.e., STOICMIC, STOICCOR, BRSAT and
GRCOR1) plays a dominant role in the determination of cumulative gas
production over 10,000 yr due to both corrosion and microbial degradation,

As previously indicated, the upper two frames in Figure 2-9 show the
time-dependent steel and cellulosic Inventories associated with the
individual sample elements. The lower two frames present sensitivity
analyses based on partial rank correlation coefficients. The steel
inventory is initially dominated by VMETAL (fraction of total waste volume
occupied by IDB metals and glass category), with the importance of this
variable decreasing with time. The varfables GRCORI (gas-generation rate
for corrosion of steel under inundated conditions), GRCORH (scale factor
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Chapter 2. Case 1: Fully Consolidated Shaft

Table 2-6.  Stepwlise Regression Analysls with Rank-Transformed Data for Total Gas Production
Over 10,000 yr Due to Both Corroslon and Microbial Degradation.

Total Gas Production over 10,000 yr
(Corrosion and Blodegradation)

Step8 Varlableb SRCC rad
1 STOICMIC 0.51 0.27
2 STOICCOR -0.35 0.38
3 BRSAT 0.34 0.49
4 GRCORI 0.33 0.59

8 Steps in stepwise regression analysis

b varlables listed in order of selection In regression analysis

C Standardized regression coefficients in final regression model
Cumulative R2 value with entry of each varlable Into regression model

used fn definftion of gas-geneoration rate for corrvosfon of steel under
humid conditions) and BRSAT (initfal brine saturation) have negative
effects on the stoel fnventory. As with VMETAL, the fmportance of CGRCORI
and GRCORH tends to decrease with time; in contrast, the tmportance of
BRSAT remalns relatively fixed. The nepgative relationships involving,
GRCORT, GRCORH and BRSAT result from their effects In foncreasing the rate
of corrogion., The colluloste fnventory ts inftially dominated by YWOOD
(fraction of total waste volume that 1s occupled by 1DB combustible waste
category), with the fmportance of this vartable decreasing rapidly with
time. The varlable GRMICI (gas-peneration rate due to microbial
degradation of cellulosics under fnundated conditions) shows a strong
negative effect on cellulosic fnventory due to fts effect in fncreasing the
rate at which cellulosics are consumed.  The positive effect indicated for
STOICMIC (stolchiometric coefficltent for microblal degradation of
cellulostcy) probably results because fncreased values for STOICMIC lead to
fnereased rates of gas peneration, which in turn lead to humid conditions
and thus lower rates of microblal degradation of ccllulosfes,

2.3.4 Gas Saturation and Pressure in Waste Panel

Time-dependent values for average gas saturation in the waste (i.ce.,
averaged over entire waste panel) and pas pressure {n the waste are
presented in the two upper frames of Fipure 72-11. As shown in the upper
left frame, gas saturation often decreases {n the {irst one thousand years

and then steadily increases to an asymptote, This behavior happens because
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Chapter 2. Case 1: Fully Consolidated Shaft

brine initially flows into the waste panel and reduces the fraction of the
pore space occupied by gas; then, as gas pressure increases, brine is
forced out of the waste panel and gas saturation Increases. This pattern
of behavior can be seen in the two upper frames of Flgure 2-12, which show
total brine flow Into the repository and net brine flow into the
repository. In addition, brine is consumed during the corrosion of steel,
with most of this consumption taking place during the first 3000 yr (Figure
2-9). As the partial rank correlation coefficlents for gas saturation in
the lower left frame of Figure 2-11 show, increasing GRCORI (gas-generation
rate for corrosion of steel under inundated conditions) tends to increase
gas saturation and increasing each of BRSAT (initial brine saturation) and
SALPERM (Salado halite permeability) tends to decrease gas saturation, with
these effects resulting because increasing GRCORI increascs the amount of
gas in the panel and increasing each of BRSAT and SALPERM increases the
amount of brine in the panel. The dominant effect of BRSAT and SALPERM on
net brine flow into the waste panel is indicated by the partial correlation
coefficients shown in the lower right frame of Figure 2-12.

As shown in the upper right frame of Figure 2-11, time-dependent gas
pressure in the waste panel displays three patterns of behavior: (1) a
strictly monotonic increase Iin pressure, (2) a monotonic increase in
pressure until an asymptote ls reached, and (3) a monotonic increase in
pressure until a maximum {s reached and then a monotonic decrease in
pressure., The largest gas pressures are approximately 2 MPa above the
lithostatic pressure of 14.8 MPa. The partial rank correlation
coefficients for gas pressure in the lower right frame of Figure 2-11
indicate that GRCOR1 (gas-generation rate for corrosion of steel under
inundated conditions), GRMICl (gas-generation rate due to microbial
degradation of cellulosics under inundated conditions), BRSAT (inltial
brine saturation of waste) and SALPERM (Salado halite permeability) have
positive effects on gas pressure at early times. However, the importance
of these variables decreases with time, and no single variable appears to
have a large effect on the gas pressure at 10,000 yr. A stepwise
regression analysis with rank-transformed data for gas pressure at 10,000
yr selected the variables BRSAT and MBPRES (pressure in Marker Bed 139
under undisturbed conditions) with an R2 value of 0.30. This poor
performance probably results from different variables being important in
each of the three patterns of time-dependent gas pressure indicated at the
beginning of this paragraph. Examination of scatterplots did not reveal a
strong relationship between gas pressure at 10,000 yr and any of the
sampled variables.

As previously indicated, the 1991 WIPP preliminary performance

assessment did not directly model closure of the waste panels. However,
possible interaction of gas generation and panel closure was incorporated
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Chapter 2. Case 1: Fully Consolidated Shaft

into the analysis by setting the initial pore volume in a waste panel to
the volume necessary to contain all waste-generated gas at lithostatic
pressure (i.e., 14.8 MPa) in a brine-free panel. As a result, initial pore
volume is a function of STOICCOR (stoichiometric factor for corrosion of
steel), STOICMIC (stoichiometric coefficient for microbial degradation of
cellulosics), VMETAL (fraction of total waste volume occupied by IDB metals
and glass waste category) and VWOOD (fraction of total waste volume
occupied by IDB combustible waste category). As shown by the upper frame
in Figure 2-13, pore volume remains essentially fixed at its initial
volume, although there is a small response to changing gas pressures
through rock compressibility effects. Further, the partial rank
correlation coefficients in the lower frame of Figure 2-13 indicate that
pore volume is indeed a function of STOICCOR, STOICMIC, VMETAL and VWOOD.

2.3.5 Lateral Gas Migration

A primary focus of the studies contained in this report is the
migration of gas away from the waste panels. For Case 1, this means gas
migration into the anhydrite marker beds in the Salado Formation. Due to
gravity drainage of brine to the bottom of a waste panel, gas migration is
more likely to occur into Anhydrite Layers A and B above the waste panels
than into Marker Bed 139 below the waste panels. Of the 60 sample elements
used in this study, 13 resulted in gas migration into Anhydrite Layers A
and B and only 7 of these 13 resulted in gas migration into Marker Bed 139,
Thus, a natural question to address is what controls gas migration into the
marker beds rather than how much gas enters the marker beds or how far this

gas travels.

Gas enters the marker beds from the disturbed rock zone surrounding a
waste panel (Figure 2-2). Further, gas will enter the marker beds only if
the gas pressure in the last computational cell of the disturbed rock zone
exceeds the gas barrier pressure (i,e., brine pressure plus threshold
displacement pressure if gas saturation is below residual, and gas pressure
if gas saturation is above residual) in the adjacent computational cell of
the undisturbed marker bed. To investigate these pressures, the time-
dependent gas pressures in the computational cell of the disturbed rock
zone adjacent to Anhydrite Layers A and B (i.e., Cell (10,5) shown in
Figure 2-2) and the time-dependent gas barrier pressures in the adjoining
computational cell containing undisturbed anhydrite in Anhydrite Layers A
and B (i.e., Cell (11,5)) were plotted as shown in the two upper frames of
Figure 2-14. No gas reaches Computational Cell (10,5) for 31 sample
elements, as shown by the presence of only 29 nonzero gas pressure plots in
the upper left frame of Figure 2-14. Further, as comparison of the upper
two frames in Figure 2-14 shows, the gas barrier pressure in Computational
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2.3 Uncertainty and Sensitivity Analysis Results

Cell (11,5) often exceeds the gas pressure in Computational Gell (10,5),
with the result that no gas flow takes place into the undisturbed portion
of Anhydrite Layers A and B (Note: the scale on the ordinate of upper right
frame in Figure 2-14 1is greater than the corresponding scale on the upper
left frame by a factor of 10).

The partial rank correlation results in the lower right frame of
Figure 2-14 indicate that the gas barrier pressure in Computational Cell
(11,5) is dominated by MBTHPRES (threshold displacement pressure in
anhydrite marker beds in Salado Formation), with smaller effects for GRCORI
(gas-generation rate for corrosion of steel under inundated conditions) and
MBPRES (pressure in Marker Bed 139 under undisturbed conditions).
Increasing each of MBTHPRES, GRCORI and MBPRES tends to increase the gas
barrier pressure in Computational Cell (11,5) and, hence, reduce the
likelihood that gas will move from Computational Cell (10,15) in the
disturbed rock zone to Computational Cell (11,5) in the undisturbed region
of Anhydrite Layers A and B. The weak influence indicated for GRCORI
probably results from the 13 sample elements in which gas penetrates
Anhydrite Layers A and B, in which case the gas barrier pressure in
Computational Cell (11,5) becomes the actual gas pressure once residual gas
saturation is exceeded. The partial rank correlation results in the lower
left frame of Figure 2-14 indicate that gas pressure in Computational Cell
(10,5) tends to increase as SALPERM (Salado halite permeability) and GRCORI
(gas generation rate due to corrosion under inundated conditions) increase.
However, with only 29 nonzero gas pressure curves and these curves
switching from zero to nonzeroc gas pressures at different times, partial
correlation coefficients are not a particularly revealing analysis tool for
the study of gas pressure In Computational Cell (10,5).

As shown by the scatterplot in Figure 2-15, SALPERM (Salado halite
permeability) has a complex pattern of effects on gas pressure in
Computational Cell (10,5) at 10,000 yr. All sample elements for which no
gas reaches Computational Cell (10,5) have a value of SALPERM that is less
than 1 x 1020 n2,  The result is a positive relationship between SALPERM
and gas pressure that is consistent with the partial correlation analysis
shown in the lower left frame of Figure 2-14. However, for values of
SALPERM above 1 x 1020 m2, a negative relationship exists between SALPERM
and gas pressure in Computational Cell (10,5), with gas pressure tending to
decrease as SALPERM increases. The patterns appearing in Figure 2-15
result primarily from the permeabilities used in the disturbed rock zone,
with the halite and anhydrite permeabilities being set to values an order
of magnitude above the permeabilities used for undisturbed halite and
anhydrite (i.e., to 10 . SALPERM and 10 ¢« MBPERM). Further, halite
permeability (SALPERM) and anhydrite permeability (MBPERM) were sampled
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2.4 Discussion

with a rank correlation of 0.8. When SALPERM is small (i.e., < 1 x 10-20
m?), the resistance to gas and brine flow in the disturbed rock zone is
increased, with the result that gas is less likely to reach Computational
Cell (10,5) than when SALPERM has larger values. As shown in Figure 2-2, a
layer of halite separates Computational Cell (10,5) from the repository,
with the result that SALPERM is more important than MBPERM in determining
whether or not gas reaches Computational Cell (10,5). As SALPERM increases
above 1 x 10-21 m?2, brine begins to flow out of Computational Cell (10,5),
with brine outflow increasing and brine pressure decreasing with increasing
values for SALPERM. As a consequence of this tendency for brine pressures
in Computational Cell (10,5) to decrease as brine flows out for values of
SALPERM above 1 x 10-21 n2, the pressures for the inflowing gas will also
decrease, which is the pattern shown in Figure 2-15.

A more direct comparison of gas pressure and gas barrier pressure can
be made by plotting the difference between gas barrier pressure in
Computational Cell (11,5) and gas pressure in Computational Cell (10,5) as
shown in the upper left frame of Figure 2-16. A positive difference
indicates that the gas barrier pressure exceeds the gas pressure and thus
that gas flow will not take place into undisturbed regions in anhydrites A
and B. Further, the magnitude of this difference shows the amount of
additional pressure rise that {s needed to initlate gas flow into
undisturbed regions in Anhydrite Layers A and B. The partial rank
correlation results in the lower left frame of Figure 2-16 indicate that
MBTHPRES (threshold displacement pressure in anhydrite marker beds in
Salado Formation) fs the most important variable in determining the
difference between gas barrier pressure and gas pressure in Computational
Cells (11,5) and (10,5), with smaller effects Indicated for GRCORI (gas-
generation rate for corrosion of steel under Inundated conditions) and
MBPRES (pressure in Marker Bed 139 under undisturbed conditions). The two
right frames in Figure 2-16 present similar results for the difference
between the gas barrier pressure in Computational Cell (11,5) and the gas
pressure in the waste panel itself. Again, this difference is dominated by
MBTHPRES, with smaller effects indicated for several additional variables.

2.4 Discussion

The primary purpose of the analyses presented in this chapter was to
evaluate the factors influencing gas migration away from the repository,
Little gas migration was observed. Of the 60 sample elements used in the
analysis, only 7 resulted in gas migration into both Anhydrite Layers A and
B and Marker Bed 139, and an additional 6 resulted in gas migration into
Anhydrite Layers A and B bhut not Marker Bed 139; the remaining sample
elements resulted in no gas migration Into the anhydrite marker beds. The
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dominant variable in determining whether or not pas migration into the
anhydrite marker beds occurs {s the threshold displacement pressure. For
most sample elements, gas pressures In the waste panel and the surrounding
disturbed rock zone never reached values that exceeded the pas barrier
pressure (l.e., brine pressure plus threshold displacement pressure if pas
saturation i{s below reslidual, and pas pressure If gas saturation is above
residual) for undisturbed anhydrite, with the result that waste-generated
gas could not overcome the resistance to entry into the anhydrite marker
beds.

For 31 of the 60 sample clements, no pgas reached the boundary between
the disturbed rock zone and Anhydrite Layers A and B, The sample elements
for which no gas reached this boundary were strongly associated with small
values for halite permeability. This pattern occurred because small values
for halite permeability resulted fn little brine outflow from the disturbed
rock zone, with the result that brine pressures In the disturbed rock zone
were sufficiently high to prevent the i{ntlow of pas.

Gas pressures In the waste panel typlcally remained below the assumed
lithostatic pressure of 14.8 MPa. The role of lithostatic pressure as an
approximate bound on waste-panel gas pressure resulted from an adjustment
to waste-panel pore volume that was made to Incorporate the competing
effects of pore-volume expansion due to waste-gencerated pas and pore-volume
reduction due to waste compaction.

Most of the steel and cellulosic Inventories were consumed over the
10,000-yr period under consideration. Thus, although parameters related to
rates of corrosion and microbial degradation affect the time at which gas
is generated, they did not have a large effect on the total amount of pas
generated, Under the assumptions of this analysis, the total amount of
waste-generated gas {s determined by the steel and cellulosic inventories,
the stoichiometric terms, and the amount of avallable brine. Gas
production due to corrosion was approximately twice the pgas production due
to microbial degradation of cellulosics. However, it should be recognized
that this comparison results from assumptions about stolchiometry and the
steel and cellulosic inventories rather than from a mechanistic modeling of
the underlying chemical and biological processes.

Brine saturation drops below residual brine saturation in many
computational cells associated with the waste panel, with the result that
no brine flow can occur throupgh these cells. This depletion of brine in
the presence of gas generation is potentially Important with respect to
radionuclide transport away from the repository. If brine cannot flow
through parts of a waste panel, then the assoclated radionuclides are not

avallable for transport.
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Chaptar 2. Case 1: Fully Consolidated Shaft

Uncertainty and sensitlvity analysis techniques of the type employed
in this study provide a powerful tool for model verificatfon Due to the
concurrent variation of many input variables, the opportunity to examine a
variety of predicted variables and the capability to fdentify the effects
of many input variables for each predicted variable, greater assurance with
respect to the correct operation of a model can be obtained than results
from simply examining a few selected calculations. The analysis for Case 1
employed the same formulation of BRAGFLO that was used in the 1991 WIPP
performance assessment. The extensive analyses performed for Case 1 did
not reveal any errors in the i{mplementation of BRAGFLO, which helps provide
assurance that the BRAGFLO component of the 1991 WIPP performance
asgessment was implemented correctly.
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3. CASE 2: PERMEABLE SHAFT WITH PANEL SEALS
3.1 Summary Description*

Unlike the single isolated waste panel of Case 1, the entire repository
fg modeled {n Case 2., Further, Case 2 expllicitly incorporates the
repository shafts and uses a more detalled characterization of the waste and
fts surroundings by representing the repository as a sequence of waste,
panel seal, backflll and shaft reglons through which gas and brine flow can
occur in both the vertical and horizoutal (1l.e., north-south) directions,

As shown {n Figure 3-1, the computational ifmplementation of Case 2 with
BRAGFLO {s based on a rectangular grid aligned north-south through the
repository. This grid 1s a simplification of the three-dimensional
structure of the repository and fnvolves several assumptions. The storage
reglons (1.e., waste panels) of the repository are grouped into the
following three blocks on the basis of number of drift and panel seals
between the waste and the nearost shatt: Waste Block A, which corresponds
to the single waste panel that {s separated from the waste and exhaust
shafts by two sets of panel seals (l.e, the Northern Panel in Figure 2-3),
Waste Block B, which corresponds to the flve waste panels separated from the
waste and exhaust shafts by three sets of panel seals (l.e., Panels 1, 2, /
and 8 and the Southern Panel in Figure 2-3), and Waste Block C, which
corresponds to the four waste panels separated from the vaste and exhaust
shafts by four sets of panel seals (1.e., Panels 3, 4, 5 and 6 in Figure
2-3). FEach waste block contains the storage volume of the corresponding
waste panels and drifts. The four shafts are combined into a single shaft
at the location of the Waste Shaft, which is the shaft nearest the waste-
digposal panels (Figure 2-3), and this single shaft {s subdivided vertically
fnto four segments. Stratigraphic layers are assumed to be parallel and
horizontal. The marker beds within the Salado Formation are actually
slightly undulatory, with a dip of less than 1° to the southeast at the
WIPP, Because the repository {s being excavated at a constant stratigraphle
horizon rather than at a constant clevation, this dip results in a drop in
floor elevation of about 7 m between the Waste Shaft and the Southern Panel.
The computational gridding for BRAGFLO does not include this change in

elevation.

The computational grid shown in Figure 3-1 extends vertically 645
from the bottom of the Salado Formation to the top of the Culebra Dolomite
Member of the Rustler Formation and extends horizontally for approximately
29 km. Stratigraphic units included in the grid are the Intact halite of

*Adapted from Section 2.3 of WIPP PA, 1992.
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3.1 Summary Description

the Salado Formation, Marker Bed 139, Anhydrite Layers A and B, which are
represented as a single anhydrite layer, and the lower unnamed member of
the Rustler Formation and the Culebra Dolomite, which are represented as a
single layer. The computational grid also includes a disturbed rock zone,
which extends vertically around the reposftory and fncludes parts of Marker
Bed 139 and Anhydrite Layers A and B. The permeability of the disturbed
rock zone was assumed to be sufficlently low (i.e., 2.41 x 10-20 p2, which
is an order of magnitude above the assumed permeability of 2.41 x 10-21 2
for halite in the Salado Formatlion) to prevent significant pas flow around
the panel sgeals.

The computational cells used with BRAGFLO represent two-dlmensional
projections of three-dimensional features with different volumes. The
width of the computational cells (i.e., distance measured in the direction
of the y coordinate In Figure 3-1, which {s perpendicular to the page)
varies significantly before projection to two dimensions, from as little as
9.746 m at the location of the shaft to as much as 69 km i{n the intact
Salado Formation., This dimensfon of the grid does not vary vertically;
thus, where the grid {s thin near the shaft because of the small excavated
volume, all grid elements, including the disturbed rock zone, the intact
Salado Formation and the Culebra Dolomite, are glven the same value for the
y-dimension. Figures 2-5 and 2-6 of WIPP PA, 1992 show enlarged
representations of the grid in the horfzontal plane contalning the
repository.

The third dimension (i.e., the y coordinate, which is perpendicular to
the page in Fipure 3-1) is included in the construction of the
computational grid to allow for different storage volumes for brine and gas
in each cell. Flow is not modelod In the third dimension and occurs only
in the plane of Figure 3-1 (l.e., in the directions of the x and z
coordinates). Flow from Waste Block ¢ to the Culebra Dolomite, for
example, would occur horizontally through the other waste blocks and the
panel seals, and then vertically up the shaft.

The ends of the grid, south of Waste Block € and north of the shaft,
require additional explanation. The Intent was to simulate some three-
dimensional behavior with a two-dimensional grid. With the repository or
shaft acting as sources or sinks, fluid flow will be primarily horizontal,
and mostly through the anhydrite layers. Close to the repository, flow
paths will have complex orientations because of the variable geometry of
the excavations. Further away from the repository, at a distance perhaps
several times the maximum horizontal dimension of the repository (about 1.3
km), flow will be nearly radial efther toward or away from the sink or
gsource. This cylindrical flow pattern can be approximated with a two-
dimensional model if the width of grid blocks (i.e., the y-dimension of
Figure 3-1) increases away from the source or sink by a factor of 2nr,
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Chapter 3. Case 2: Permeable Shaft wilh Panel Seals

where r Is the distance from the source or sink at the center of the grid
(Voss, 1974). In a strict sense, this relationship ts valld only If the
entire grid is set up this way, starting from one side. Such a grid
represents a vertical cylinder, and the resulting two-dimensional model
will simulate radial flow in a three-dimensional cylinder. 1In the grid
used here, only the north and south ends were treated In this tashion, and
the results are not exact [n modeling all flow outward from the
repository/shaft region. However, as a first approximation, this procedure
accounts for the radial increase in pore volume away from the central
reglon. This radial increase in pore volume is potentially important
because brine and gas flow away from the repository will not be restricted
to two dimensions (vertically and in one dimension horfzontally). Rather,
at a distance of a few kilometers from the repository (approximately the
disposal-unit boundary), flow will be radial into an Increasing pore

volume.

Waste Blocks A, B and € are separated by seal blocks that preserve
both the total length and the total volume of the seals located between the
panels. Thus, Seals 3 and 4 contaln the composite volume of the drift
seals north of the waste (Figure 2-3). Seal 2 contains the compostite
volume of the 12 panel seals separating Waste Block A from Waste Block B,
and Seal 3 contains the volume of the 8 panel sea's separating Waste Block
B from Waste Block €. Seals are assumed to have a height cqual to that of
a newly excavated room, approximately 4 m. Actual heights of scals may
vary, depending on location. Seals are assumed to occupy only the original
volume of the drifts in which they are ewplaced, and no correction is made
for possible additional excavation, such as downward into Marker Bed 139
during seal construction. All panel and drift scals arce assumed to have

the same properties.

The single composite shaft is divided into four sections: a sump and
three arbltrarily divided higher sectlons, cach having different material
properties. The three upper sections are used to represent different
degrees of con.nlidation of the halite seals and backfill at different
depths, with the deeper sections having lower permcability. The first
shaft section above the sump, labeled Shaft 1 in Figure 3-1, extends from
the bottom of the waste blocks upward to the top of the Anhydrite Layers A
and B, The middle shaft section, labeled Shaft 2 in Figure 3-1, extends
halfway to the top of the Salade Formation, and the upper section, labeled
Shatt 3, extends to the top of the Culebra Dolomite. The lower most
portion of the shaft, the swnp, is assumed to bhe back{illed, and has been
fncluded in the model because of its possible role as a brine sink. The
modeled sump extends downward 36 .6 m from the repository floor, resulting
in a modeled volume larger than that of the actual sumps.  Two of the four

shatts have no sumps, and depths in the other two are 38,4 m (Waste Shaft)



3.1 Summary Description

and 33.5 m (Salt Handling Shaft) (Nowak et al., 1990). However, the pore
volume of the sump is small relative to the volume in the entire shaft. The
disturbed rock zone is modeled only above and below the waste, drift and
panel seal, and backfill blocks.

No mass is allowed to cross the far-field outer boundary of the grid
except for the northern- and southernmost cells of the Culebra Dolomite.
Fixed-pressure boundaries are defined for those locations to approximate
the observed head in the Culebra. The initial pressure throughout the
Culebra, including the lateral boundary cells, was sel at 1.053 MPa.
Initial brine saturation in the Culebra was set to 1.0 (i.e., there is no
initial gas in the Culebra). Any gas that does eventually appear in the
Culebra must come from the waste or from gas initially in the shaft or
drift blocks.

Initial far-field pressures in the Salado Formation, including halite
and anhydrite layers, was varied hydrostatically relative to a specified
value at the level of Marker Bed 139, with the assumption of a brine
density of 1230 kg/m3. 1Initial pressure in Marker Bed 139 is one of the
imprecisely-known variables considered in the uncertainty/sensitivity
analysis for Case 2. Initial pressure in the waste, seals and backfill was
assumed to be atmospheric (0.101 MPa). 1Initial pressure was assumed to be
constant horizontally throughout any given layer in all of its constituent
materials. The Salado Formation halite, the anhydrite, and the disturbed
rock zone were assumed to be initially fully brine saturated.

Initial conditions in the shafts and drifts are uncertain, and two
sets of calculations were carried out to evaluate the effects of assuming
initial full brine saturation and initial full gas saturation. 1In the
first set, the shaft seals, drift seals and backfill were assumed to be gas
saturated, and initial pressure was atmospheric, 0.101 MPa. In the second
set, these regions were assumed to be fully brine saturated, with the
initial pressure in the drift seals and backfill equal to atmospheric. The
initial brine pressure in the shaft was hydrostatic, varying with depth
relative to the sampled value for the pressure in Marker Bed 139. 1In both
sets of calculations, the initial shaft pressure extends to the top of the
Salado Formation, with the result that a difference exists between the
shaft and the Culebra pressures. For the gas-saturated shaft, this initial
pressure difference was -0.95 MPa, compared to a range from 3.9 to 4.5 MPa
for the brine-saturated shaft. This difference in gradient could cause
different early-time behavior in the calculations for gas-saturated and
brine-saturated shafts. Because the shaft was brine-saturated in either
case within about 150 yr, results over 10,000 yr were relatively
insensitive to the initial gas saturation of the drifts and shafts. The
Case 2 results presented in this report were obtained with the assumption
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Chapter 3. Case 2: Permeable Shaft with Panel Seals

of an initially gas-saturated shaft; results obtained with the assumption
of an initially brine-saturated shaft are given in WIPP PA, 1992.

3.2 Sampled Variables

The 16 imprecisely-known variables listed in Table 3-1 were used as
input to BRAGFLO for the Case 2 uncertainty and sensitivity studies. As is
the case for Table 3-1, the distributions indicated in Table 3-1 for the
individual variables are characterizing subjective uncertainty. The Case 2
calculations used a Latin hypercube sample of size 22 from the 16 variables
in Table 3-1, which was generated in the same manner as the sample for Case
1. The resultant sample is listed in Table 3.2-2b of WIPP PA, 1992.

A widely-used guide for selecting the sample size to use in an
uncertainty/sensitivity study based on Latin hypercube sampling is that the
number of elements in the sample should equal 4 nV/3, where nV is the number
of variables in the sample. This rule was used for Case 2 and resulted in
the choice of 22 as the sample size. However, the actual basis for this
rule is the size of the sample needed for the successful numerical
implementation of the Iman/Conover restricted-pairing technique (Imar and
Conover, 1982) that is used to control the correlation structure within the
sample. To the best of the authors' knowledge, a rule for the optimum size
of a Latin hypercube sample for use in uncertainty and sensitivity analysis
is not known.

The variables BFPERMF, BRSATF, GRCORHF, GRMICHF, SH2PERMF and SH3PERMF
in Table 3-1 are scale factors that are used in constructing the variable
values that are actually used in the analysis. Associated with each of
these scale factors in Table 3-1 is the definition of the variable that is
actually used by BRAGFLO. The sensitivity analyses presented in Section 3.3
use the actual BRAGFLO inputs (i.e., BFPERM, BRSAT, GRCORH, GRMICH, SH2PERM
and SH3PERM) rather than the corresponding scale factors. In contrast, the
sensitivity analyses for Cases 1 and 3 use the sampled variables rather than
the actual BRAGFLO inputs. The transformed variables (i.e., actual BRAGFLO
inputs) are used in Case 2 because of the relatively complex relationships
involving BFPERMF, SH2PERMF and SH3PERMF.

In addition to the 16 sampled variables listed in Table 3-1, the
calculations for Case 2 also required values for a number of additional
variables that were fixed at their best-estimate values. These variables
and their values are listed in Tables 3.1-1b and 3.2-1a of WIPP PA, 1992.
Further, additional discussion of the BRAGFLO input for Case 2 is available
in Section 3.2 of WIPP PA, 1992.
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3.2 Sampled Variables

Table 3-1. Imprecisely Known Variables Used in BRAGFLO for Case 2 to Determine the Effects of Seal
Permeabilities and Gas Generation Parameters on Gas Flow through the Repository and up
the Shaft to the Culebra Dolomite.

Variable

Definition

BFPERMF

BRSATF

GRCORHF

GRCORI

GRMICHF

Scale factor used in definition of permeabllity of backfill in waste panels
(dimensionless). Range: 0to 1. Median: 0.5. Distribution: Normal. Actual backfill
permeability, BFPERM, is defined by

log BFPERM = log SEALPERM + (-14 - log SEALPERM) BFPERMF

Additional information: Section 3.2.2, WIPP PA, 1992, Variable 13 in Latin hypercube
sample.

Scale factor used in definition of initial brine saturation of waste (dimensionless).
Range: 0to 1. Median: 0.5. Distribution: Uniform. Actual value for initial brine
saturation of waste, BRSAT, is

BRSAT = 0.276 BRSATF.

Additional information: Section 3.4.9, WIPP PA, 1991c. Variable 1 in Latin hypercube
sample.

Scale factor used in definition of gas generation rate for corrosion of steel under
humid conditions (dimensionless). Range: 0to 5 x 10-1. Median: 1 x 10-1.
Distribution: Piecewise uniform. Actual gas generation rate, GRCORH, is

GRCORH = GRCORHF+GRCORI.

Additional information: Memo from Brush, July 8, 1991, contained in Appendix A, Vol.
3; Section 3.3.8, WIPP PA, 1991c. Variable 3 in Latin hypercube sample.

Gas-generation rate for corrosion of steel under inundated conditions (mol/m2
surface area steel+s). Range: 010 1.3 x 10-8 mol/m2s. Median: 6.3 x 10-9
mol/m2 s. Distribution: Piecewise uniform. Additional information: Same as
GRCORHF. Variable 4 in Latin hypercube sample.

Scale factor used in definition of gas-generation rate due to microblal degradation of
cellulosics under humid conditions (dimensionless). Range: 0to 2 x 10-1. Median: 1
x 10-1. Distribution: Piecewise uniform. Actual gas-generation rate , GRMICH, Is

GRMICH = GRMICHF « GRMICI.

Additional information: Same as GRCORHF. Variable 5 in Latin hypercube sample.
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Chapter 3. Case 2: Permeable Shaft with Panel Seals

Table 3-1.  Imprecisely Known Varlables Used in BRAGFLO for Case 2 to Determine the Effects of Seal
Permeabilities and Gas Generation Parameters on Gas Flow through the Repository and up
the Shaft to the Culebra Dolomite (continued).

Varlable

GRMICI

MBPERM

MBPRES

SEALPERM

SH1PERM

SH2PERMF

Definition

Gas-generation rate due to microbial degradation of cellulosics under inundated
conditions (mol/kg cellulosics+s). Range: 0to 1.6 x 108 mol/kg s. Median: 3.2 x
109 mol/kg s. Distribution: Plecewise uniform. Additional information: Same as
GRCORHF. Varlable 6 In Latin hypercube sample.

Permeability (k) In anhydrite marker beds in Salado Formation under undisturbed
conditions (m2). Range: 8.5 x 10-21 to 1.8 x 10-18 m2, Median: 7.8 x 10-20 m2,
Distribution: Piecewise uniform. Additional information: Memo from Beauheim, June
14, 1991, contained In Appendix A, WIPP PA, 1991c; Section 2.4.5, WIPP PA, 1991c.
Variable 11 in Latin hypercube sample.

Pressure (p) in anhydrite marker beds In Salado Formation under undisturbed
conditions (Pa). Range: 8.21 x 106 to 1.48 x 107 Pa. Medlan: 1.28 x 107 Pa.
Distribution: Piecewise uniform. Additional information: Memos from Beauheim, June
14, 1991, and Howarth, June 12, 1991, contained in Appendix A, WIPP PA, 1991c;
Section 2.4.6, WIPP PA, 1991c. Variable 10 in Latin hypercube sample.

Permeabllity (k) of seals between waste blocks in repository (m2). Range: 3.3 x 10-21
to 1 x 10-14 m2, Median: 5.7 x 10-18 m2. Distribution: Lognormal. Additional
information: Section 3.2.2, WIPP PA, 1992; Section 3.2.2, WIPP PA, 1991c. Variable
12 in Latin hypercube sample.

Permeability (k) of lower shaft section (m2). Range: 3.3 x 1021 to 1 x 10-14 m2.
Median: 5.7 x 10-18 m2. Distribution: Lognormal. Additional information: Section
3.2.2, WIPP PA, 1992. Variable 14 In Latin hypercube sample.

Scale factor used in definition of permeabllity of middle shaft section. Range: Oto 1.
Median: 0.5. Distribution: Normal. Actual permeabillity of middle shaft section,
SH2PERM, is defined by

log SH2PERM = log SH1PERM + (-14 - log SH1PERM) SH2PERMF.

Additional information: Section 3.2.2, WIPP PA, 1992. Variable 15 in Latin hypercube
sample.
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3.3 Uncertainty and Sensitivity Analysis Results

Table 3-1. Impreclisely Known Variables Used in BRAGFLO for Case 2 to Determine the Effects of Seal
Permeabilities and Gas Generation Parameters on Gas Flow through the Repository and up
the Shaft to the Culebra Dolomite (concluded).

__Variable

Definition

SH3PERMF

STOICCOR

STOICMIC

VMETAL

VWOOD

Scale factor used In definition of permeability of upper shaft section. Range = 0to 1.
Median: 0.5. Distribution: Normal. Actual permeabllity of upper shaft section,
SH3PERM, Is defined by

log SH3PERM = log SH2PERM + (-14 - log SH2PERM) SH3PERMF.

Additional information: Section 3.2.2, WIPP PA, 1992. Variable 16 in Latin hypercube
sample.

Stolchlometric factor for corrosion of steel (dimensionless). Defines proportion of two
different chemical reactions that take place during the corrosion process. Range: 0 to
1. Median: 5x 10-1. Distribution: Uniform. Additional information: Brush and
Anderson in Lappin et al., 1989, p. A-6; Section 3.3.8, WIPP PA, 1991¢c. Variable 2 Iin
Latin hypercube sample.

Stoichlometric coefficient for microblal degradation of cellulosics (mol gas/mol
CH20). Range: 0 to 1.67 mol/mol. Median: 8.35 x 10-1 mol/mol. Distribution:
Uniform. Additional information: Brush and Anderson in Lappin et al., 1989, p. A-10;
Section 3.3.9, WIPP PA, 1991c. Varlable 9 in Latin hypercube sample.

Fraction of total waste volume that is occupled by IDB (Integrated Data Base) metals
and glass waste category (dimensionless). Range: 2.76 x 101 to 4.76 x 10-1.
Median: 3.76 x 10-1. Distribution: Normal. Additional information: Section 3.4.1,
WIPP PA, 1991¢c. Variable 7 in Latin hypercube sample.

Fraction of total waste volume that is occupied by IDB combustible waste category
(dimensionless). Range: 2.84 x 10-1 to 4.84 x 10-1. Median: 3.84 x 10-1.
Distribution: Normal. Additional Information: Section 3.4.1, WIPP PA, 1991c.
Variable 8 in Latin hypercube sample.

3.3 Uncertainty and Sensitivity Analysis Resulits

Gas flow through the repository and up the shaft to the Culebra

Dolomite is the outcome of greatest interest for Case 2., Thus, as for Case

1, a natural starting point is an exploration of gas generation.

Uncertainty and sensitivity analysis results related to corrosion, microbial

degradation and total gas production are presented in Sections 3.3.1, 3.3.2

and 3.3.3.

Then, gas saturation and gas pressure in the individual waste

blocks are investigated in Section 3.3.4. Finally, gas migration through
the shaft to the Culebra Dolomite is considered in Section 3.3.5.
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Chapter 3. Case 2: Permeable Shaft with Panel Seals

3.3.1 Gas Generation Dua to Corrosion

A summary of the results for gas generation due to corrosion is given
in Figure 3-2. The two upper frames in Figure 3-2 show cumulative gas
generation as a function of time due to corrosion under humid conditions
(upper left frame) and corrosion under inundated conditions (upper right
frame). Each curve in the upper two frames results from a single Latin
hypercube sample element (i.e., each frame has 22 curves, one for each
sample element). Overall, the range of gas production under humid
conditions is similar to the range of gas production under inundated
conditions.

Formal sensitivity analysis techniques based on partial rank
correlation can be used to investigate the variation in cumulative gas
production shown in the upper two frames of Figure 3-2. The analyses in
this chapter use the variables BRSAT, GRCORH, GRMICH, BFPERM, SH2PERM and
SH3PERM defined in Table 3-1 rather than the scale factors BRSATF, GRCORHF,
GRMICHF, BFPERMF, SH2PERMF and SH3PERMF generated in the Latin hypercube
sample. As indicated by the (rank) correlation matrix

SEALPERM 1.00

BFPERM 0.54 1.00

SH1PERM 0.00 0.04 1.00 (3-1)
SH2PERM -0.03 -0.01 0.64 1.00

SH3PERM 0.05 0.11 0.52 0.80 1.00

SEALPERM BFPERM SHIPERM SH2PERM SH3PERM

the transformations given in Table 3-1 result in substantial correlations
between SEALPERM and BFPERM and also between SH1PERM, SH2PERM and SH3PERM.
In initial analyses based on partial rank correlation coefficients, these
correlations tended to produce unstable and ambiguous results. In
particular, with 16 sampled variables, a sample size of 22 and correlations
between variables, there is often little information left to characterize
with a partial correlation coefficient after the correction is made for the
effects of the other variables (e.g., see Sections IX.l, IX.2, Beyer, 1968;
David, 1938). To reduce the problems resulting from correlated input, the
variables BFPERM, SHI1PERM and SH3PERM were dropped from the analysis. Rank
correlations also exist between GRCORH and GRCORI (i.e., 0.64) and between
GRMICH and GRMICI (i.e., 0.68). However, these correlations did not seem
to cause the misleading results that derived from the correlations between
SEALPERM and BFPERM and also between SH1PERM, SH2PERM, and SH3PERM; thus,
the transformed variables GRCORH and GRMICH were left in the partial
correlation analysis. As a result, the following 13 variables were used in
the calculation of the partial rank correlation coefficients presented in
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3.3 Uncertainty and Sensitivity Analysis Results

Cumulative Gas Production Due to Corrosion of Steel
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Figure 3-2. Uncertalnty and sensitivity analysis results for gas generation

due to corrosion of steel.
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Chapter 3. Case 2. Permeable Shaft with Panel Seals

this chapter: BRSAT, GRCORH, GRCORI, GRMICH, GRMICLl, MBPERM, MBPRES,
SEALPERM, SH2PERM, STOICCOR, STOLICMIC, VMETAL and VWOOD.

The lower two frames in Figure 3-2 show time-dependent plots of
partial rank correlation coefficlents between cumulative gas production and
individual variables. The coefficients in Figure 3-2 and other similar
figures in this chapter are calculated on the basis of vertical slices
through the corresponding curves in the upper half of the figure. Due to
the relatively small sample size {n use (i.e., 22 observations for 13
independent variables), an absolute value cutoff of 0.7 is used for the
selection of partial rank correlation coefficients for presentation In this
chapter. As a reminder, a positive rank correlation coefficient indicates
that two variables tend to increase and decrease together, and a negative
rank correlation coefficient Indicates that, as one variable increases, the

other tends to decrease.

As shown by the partial correlation results I(n the lower left frame of
Figure 3-2, cumulative gas production due to corrosion under humid
conditions is dominated by GRCORH (gas-generation rate for corrosion of
steel under humid conditions), with cumulative gas production showing a
strong tendency to increase as GRCORH increases. In addition, cumulative
gas production due to corrosion under humid conditionsg tends to increase as
STOICMIC (stoichiometric coefficlent for microblal degradation of
cellulosics) increases and tends to decrease as BRSAT (initial brine
saturation of waste) and STOICCOR (stoichiometric factor for corrosion of
steel) increase. The positive effect for STOICMIC results from increased
gas genevation due to microbial degradation of cellulosics, with a
resultant increase in the amount of repository pore space that i{s filled
with gas (i.e., humid conditions) rather than with brine (i.e., inundated
conditions). The negative effect for STOICCOR results because increasing
STOICCOR increases the proportion of low-gas-producing reactions in the
corrosion process. The negative effect for BRSAT results because there is
a fixed amount of steel In the repository for each sample element,
Increasing BRSAT increases the amount of this steel that will be consumed
by corrosion under inundated conditions, with the result that the amount of
gas that can be produccd by corrosion under humid conditions is reduced.
The partial correlation coefficients for GRCORH are very close to 1, with
the result that STOICMIC, STOICCOR and BRSAT are actually making relatively
small contributions to the uncertainty in gas generation due to corrosion

under humid conditions.

As shown by the partial correlation results in the lower right frame
of Figure 3-2, cumulative gas production due to corrosion under inundated
conditions tends to increase as GRCORI (gas-generation rate for corrosion
of steel under inundated conditions) and BRSAT (initial brine saturation of
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3.3 Uncentainty and Sensitivity Analysis Results

waste) lncrease and tends to decrease as GRCORH (pas-generation rate for
corrosion of steel under humid conditions) {ncreases. The positive effects
for GRCORI and BRSAT result because increasing GRCORI {ncreases the rate at
which gas is produced by corrosion under inundated conditions and
increasing BRSAT increases the amount of steel that will be consumed by
corrosion under inundated conditions. The negative effect for GRCORH
results because the Increased consumption of steel and brine by corrosion
under humid conditions reduces the amount of pas that can be produced by
the corrosion of steel under Inundated conditions.

Stepwise regression analysls can also be used to analyze the
cumulative gas production results shown In Figure 3-2. The two regression
analyses shown in Table 3-2 are for cumulative gas production over 10,000
yr due to corrosion under humid and inundated conditions, respectively,
Thus, these two regression analyses are for the gas production values
appearing above 10,000 yr In the two upper frames of Figure 3-2. The
regression analysis tor gas production under hunid conditions indicates a
positive effect (i.e., a positive regression cocftictent) for GRCORH (gas-
generation rate for corrvosion of steel under humlid conditions), with this
varlable accounting for 81% of the uncertainty in pas production,.

The regression analysis in Table 3-2 for gas production under
inundated conditions did not fidentify any variables that satisfy the
minimwn condition to enter the regression model (i.e., an a-value of at
least 0.02). Scatterplots of cumulative gas production over 10,000 yr due
to corrosion under inundated conditions versus the individual variables in
Table 3-2 show no obvious relationships.

Table 3-2. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas Production
over 10,000 yr Due to Corrosion under Humid and Inundated Conditions.

Total Gas Proctuction over 10,000 yr Total Gas Production over 10,000 yr
(Humid Corrosion) {Inundated Corroslon)
Stepd@  Varlableb SRCc  R2d Stepd Varlableb SRCC Rad
1 GRCORH 0.90 0.81 No variables selected

a Steps In stepwise regression analysis

b variables listed in order of selection in regression analysis

C Standardized regression coefficients in final regression model
Cumulative R2 value with entry of each variable Into regression model
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3.3.2 Gas Generation Due to Microbial Degradation

A summary of the analysis results for pas generation due to microbial
degradation is given in Figure 3-3. The upper two frames in Figure 3.3
show cumulative gas generation due to microblal degradation under humid and
inundated conditions, respectively. As comparison with the corresponding
plots in Figure 3-2 shows, pas generation due to microbial degradation is
approximately 50% or less of gas generation due to corrosion. The range of
cumulative gas generation shown in Figure 3-3 {s slightly larger for
inundated than for humid conditions.

The lower two trames In Flgure 3-3 present sensitivity analysis
resul ts based on partial rank correlation coefficlents as in Figure 3-2,
For cumulative gas production under humid conditions, {ncreasing each of
STOICMIC (stoichiometric coefficient for microbial degradation of
cellulosics), GRMICH (gas-generation rate due to microbial degradation of
cellulosics under humid conditions) and VWOOD (fraction of total waste
volume occupied by IDB combustible waste category) Increases gas production
and increasing BRSAT (initial brine saturation) decreases gas production,
The positive effects for STOICMIC, GRMICH and VWOOD result because
increasing STOICMIC increases the amount of gas produced per unit of
cellulose consumed, increasing GRMICH {ncreases the rate of microbial
degradation under humid conditions, and Increasing VWOOD increases the
amount of cellulose available for microblal degradation, Iun contrast,
increasing BRSAT decreases the amount of gas produced under humid
conditions by Increasing the amount of cellulos{cs that will be consumed

under inundated conditions,

For cumulative pas production under {nundated conditions, Increasing
each of STOICMIC (stolchiometric coefflcient for microbial degradation of
cellulosics), BRSAT (inftial brine saturation) and GRMICI (gas-generation
rate due to microbial degradation of cellulosics under {nundated
conditions) increases gas production, Increasing STOICMIC Increases the
amount of gas produced per unit of cellulose consumed; Increasing BRSAT
increases the amount of cellulose that will be consumed under inundated
conditions, and increasing GRMICI {ncreases the rate of microbial
degradation under inundated conditions,

The two regression analyses in Table 3-3 are for cumulative pas
production over 10,000 yr due to microbial degradation under humid and
{nundated conditions, respectively. Thus, these two regression analyses
are for the gas-production values appearing above 10,000 yr in the two
upper frames of Figure 3-3. For gas production under humid conditions, the
variables STOICMIC (stolchlometric coefficient for microbial degradation of
cellulosics) and GRMICH (gas generation rate due to microbial degradation
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Cumulative Gas Production Due to Microblal Degradation of Cellulosics
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Table 3-3.  Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas Production
over 10,000 yr Due to Microblal Degradation under Humid and Inundated Conditions.

Total Gas Production over 10,000 yr Total Gas Production over 10,000 yr
(Humid Degradation) (Inundated Degradation)
Step®  Variable SRCC R2d Stepa@ VarlableP SRCC  Rad
1 STOICMIC 0.69 0.57 1 STOICMIC 0.79 0.68
2 GRMICH 0.34 0.68 2 BRSAT 0.33 0.79
3 GRCORH -0.24 0.85

8 Steps In stepwise regression analysis
Varlables listed in order of selection in regression analysis

C Standardized regression coelficients in final regression model
Cumulative R2 value with entry of each varlable Into regression model

of cellulostcs under humid conditions) can account for 68% of the observed
variability In gas productlon, with gas production tending to {ncrease with
increasing values for STOICMIC and GRMICH. For pas production under
inundated conditions, the vartables STOICMIC and BRSAT (inftial brine
saturation) can account tor /9% of the observed vartability in gas
production, with gas production tending to Increase as cach of these
variables increases., When the additional varfable GRCORH (pas-generation
rate for corrosion of steel under humid conditions) is added to the
regression model, 85% of the variabllity in gas production can be accounted
for, with gas production tending to decrease as GRCORH Increases hecause
increased pas production tends to decrease the fraction of the pore volume
that is tilled with brine and hence reduce the amount of microbial
degradaticn that takes place under inundated conditions,

3.3.3 Total Gas Production

The upper two frames {n Fi{gure 3-4 show total gas production due to
corrosfon and microbial degradation and were ohtained by combining the
corresponding results In Figures 3-2 and 3-3 for gas production under humid
and inundated conditions. Typically, low gas production under humid
conditions Is associated with higher gas production under inundated
conditlons and vice versa. As a result, the gas-production curves In
Figure 3-4 tend to lle farther above the absclssa than many of the
individual curves in Figures 3-2 and 3-3 Overall, the gas production due to
corrosion tends to bhe about twlce the gas production due to microbial
degradation. CGCas production due to microbial degradation has more curves
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Cumulative Gas Production
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cloge to zero than pas production due to corrosfon due to the assignment of
a rvange ol possible values for STOICMIC (stofchliometric coefficlent for
microblial degradation of cellulosics) that extends to zero, which results in

no pas generation due to microbial depradation.

The lower two frames in Fipure 3-4 present sensitivity analysis results
based on partial rank corvelation coefficients as In Figure 3-2. For
cumulative pas production due to corrvoslon, increasing each of GRCORD (pas-
generation rate for corroslon of steel under inundated conditions), GRCORH
(pas-generation rate for corrvosfon of steel under humld conditions) and
BRSAT (inftial brine saturation) tends to Increase pas productlion,
Increasing GRCORL, GRCORH and BRSAT tends to increase the rate of gas
product fon and hence cumulative gas production, with this effect becoming
less important at later times due to exhaustion of elther steel or brine In

the waste panels,

The dominant variable for cumulative gas production due to microbial
degradation s STOICMIC (stoichiometrice coetficlent for microbial
degradation of cellulosics)y, which has an Increasingly lwportant positive
eftect with time and althmately dominates the variabllity In cumalative gas
productton.  The vartables GRMICL (gas-generation rate due to microbfal
degradation of cellulosics under fmmndated conditions) and GRMICH (pas-
peneratfon rate due to wicrobfal depradation of cellulosics under humid
conditions) also have positive effects at early times and then decerease {n

fmportance.,

The two regression analyses in Table 3-4 are for cumulative pas
production over 10,000 yr due to corrosfon and microbial degradation,
respectively.  Thus, these two regression analyses are for the pas production
vialues appearing above 10,000 yr in the two upper frames of Flgure 3-4.  The
repression analysis for pas production due to corrosion selectoed the
variables GRCORD (pgas-generation rate for corrosion of steel under fnundated
conditions) and BRSAT (inftial brine saturation), with GRCORTI and BRSAT each
having a positive effect on gas production.  However, the resolution in the
repression model 1s low, with GRCORD and BRSAT accounting for only 595%% of

the variability in pas production due to corrosfon.

To provide additional insipht, Figure -9 presents gselected
scatterplots displaying the relationships between individual sampled
varfables and total gas production over 10,000 vy due to corrosion. As
examination of these plots shows, pas production tends to incerease as BRSAT

(initial brine saturation) and GRCORLD (pas gencration rate due to corvosion

3-18




3.3 Uncertainty and Sensitivity Analysis Results

Table 3-4.  Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production Due
to Corrosion and Total Gas Generation Due to Microbial Degradation.

Total Gas Production over 10,000 yr Total Gas Production over 10,000 yr
(Corrosion) (Microbial-Degradation)
Stepd  Variableb SRCC  R2d Stepa Variableb SRCC Rr2d
1 GRCORI 0.56 0.32 1 STOICMIC 0.85 0.91
2 BRSAT 0.48 0.55

a Steps in stepwise regression analysis

b variables listed in order of selection in regression analysis

C Standardized regression coefficients in final regression model
Cumulative R2 value with entry of each variable into regression model

of steel under inundated conditions) increase and tends to decrease as
STOICCOR (stoichiometric factor for corrosion of steel) increases.

However, there is a large amount of variability around these trends. These
patterns are consistent with the signs of the regression coefficients and
low R2 values for GRCORI and BRSAT in Table 3-4. The plots in Figure 3-5
show the best-defined patterns of the 16 scatterplots associated with total
gas production over 10,000 yr due to corrosicn (i.e., one scatterplot for
each variable in Table 3-1). Thus, no one variable is exerting a dominant
influence on total gas production due to corrosion. However, the actual
uncertainty in total gas production due to corrosion is rather small in
this analysis, with most values falling between 0.4 x 109 and 1.0 x 109
mol.

The regression analyéis in Table 3-4 for gas production due to
microbial degradation identified only the variable STOICMIC (stoichiometric
coefficient for microbial degradation of cellulosics). However, STOICMIC
was able to account for 91% of the observed variability.

The cumulative gas production due to corrosion and to microbial
degradation can be combined to produce total gas production as shown in the
upper frame of Figure 3-6. Most sample elements result in a total gas
production over 10,000 yr between 5 x 108 and 1.2 x 109 mol. Also, most
sample elements show a period of rapid gas production in the first few
thousand years, with considerably reduced rates of gas production at later
times. As examination of the two upper frames in Figure 3-7 shows, the
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Cumulative Gas Production
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3.3 Uncertainty and Sensitivity Analysis Results

inventory of steel and cellulosics is often exhausted or significantly
depleted after the first few thousand years.

The lower frame in Figure 3-6 presents sensitivity analysis results
based on partial rank correlation coefficients for total gas production.
Positive effects are indicated for GRCORH (gas-generation rate for
corrosion of steel under humid conditions), GRMICH (gas-generation rate for
microbial degradation of cellulosics under humid conditions), STOICMIC
(stoichiometric coefficient for microbial degradation of cellulosics) and
BRSAT (initial brine saturation), and negative effects are indicated for
STOICCOR (stoichiometric factor for corrosion of steel). For the entire
10,000-yr period, the most important variables are STOICMIC, BRSAT and
STOICCOR.

The regression analysis in Table 3-5 is for cumulative gas production
over 10,000 yr due to both corrosion and microbial degradation. The only
variable selected in the analysis is STOICMIC (stoichiometric coefficient
for microbial degradation of cellulosics), which has a positive regression
coefficient and can account for 33% of the variability in total gas
production, The indicated effect for STOICMIC is consistent with its
dominant influence on gas generation due to microbial degradation as
indicated in Figure 3-3 and Table 3-3. As for cumulative gas production
over 10,000 yr due to corroslon, the examination of scatterplots indicates
that no single variable exerts a dominant influence on cumulative gas
production due to corrosion and microbial degradation.

As previously indicated, the upper two frames in Figure 3-7 show the
time-dependent steel and cellulosic inventories associated with the
individual sample elements. The lower two frames present sensitivity
analyses based on partial rank correlation coefficients. The steel
inventory is initially dominated by VMETAL (fraction of total waste volume
occupied by IDB metals and glass category), with the importance of this
variable decreasing with time. The variables GRCORI (pas-generation rate
for corrosion of steel under inundated conditions), GRCORH (gas-generation
rate for corrosion of steel under humid conditions) and BRSAT (initial
brine saturation) have negative effects on the stcel inventory. The
negative relationships involving GRCORI, GRCORH and BRSAT result from their
effects on increasing the rate of corrosion.

The cellulosic inventory is initially dominated by VWOOD (fraction of
total waste volume that is occupied by IDB combustible waste category),
with the importance of this variable decreasing rapidly with time. An
additional positive effect is indicated for STOICMIC (stoichiometric
coefficient for microbial degradation of cellulosics). Increasing STOICMIC
tends to increase gas production and thus increase the fraction of the
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Chapter 3. Case 2: Permeable Shaft with Panel Seals

Table 3-5. Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production Over

10,000 yr Due to Both Corrosion and Microbial Degradation.

Total Gas Production over 10,000 yr
(Corrosion and Blodegradation)

Stepa Varlableb SRCC Rad
1 STOICMIC 057 0.33

8 Steps in stepwise regression analysis
Varlables listed In order of selection in regression analysis

C Standardized regression coefficients in final regression model
Cumulative R2 value with entry of each variable into regression model

waste panel pore volume that is filled with gas; in turn, this reduces the
rate at which cellulose is consumed by microbial degradation. Negative
effects are indicated for GRMICI (gas-generation rate due to microbial
degradation of cellulosics under inundated conditions), GRMICH (gas
generation rate due to microbial degradation of cellulosics under humid
conditions) and BRSAT (initial brine saturation), with increasing values
for each of these variables tending to increase the rate at which cellulose
is consumed by microbial degradation, At times greater than 3000 yr, the
cellulose inventory is completely depleted for most sample elements, with
the result that the calculated partial correlation coefficients have little
meaning due to the large number (i.e., 17 out of 22) of zeros involved.

3.3.4 Gas Saturation and Pressure in Waste Panel

Time-dependent values for average gas saturation in the individual
waste blocks (i.e., averaged over entire waste block) are presented in the
left column of Figure 3-8. Although gas saturation initially decreases for
some sample elements, the overall tendency is for gas saturation to
increase towards an asymptote with increasing time. The gas saturations in
Waste Block A tend to be lower than those in Waste Blocks C and B. As
shown in Figure 3-1, Waste Block A is adjacent to the shaft and hence loses
more gas by flow up the shaft than Waste Blocks C and B. As the partial
rank correlation coefficients for gas saturation in the right column of
Figure 3-8 show for all three waste blocks, increasing GRCORH (gas-
generation rate for corrosion of steel under humid conditions) and GRMICI
(gas generation rate due to microbial degradation of cellulosics under
inundated conditions) tends to increase gas saturation and increasing BRSAT
(initial brine saturation) tends to decrease gas saturation, with these
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effects resulting because increasing GRCORH and GRMICI increases the amount
of gas 1In the panel and increasing BRSAT increases the amount of brine in
the panel,

For Waste Block C, a negative effect 1s also indicated for MBPERM
(marker bed permeability), with this effect occurring because increasing
MBPERM increases the rate at which brine flows into Waste Block C from
anhydrite layers in the Salado Formation. Due to the structure of the
computational grid shown in Figure 3-1, most Inflowing brine enters the
repository through Waste Block C. In addition, the variable STOICCOR
(stoichiometric factor for corrosion of steel) appears in the analysis for
gas saturation in Waste Block B, As discussed at the end of this section,
increasing STOICCOR decreases the initial pore volume in the repository.
Since the initial amount of brine is set as a fraction of the pore volume,
increasing STOICCOR also reduces the amount of brine initially present in
the pore space of the repository. Thus, as constant gas generation rates
are assumed in this analysis, the total brine inventory can be depleted
more rapldly when STOICCOR is large than when STOICCOR 1s small (i.e.,
because large values for STOICCOR result in less brine being initially
present). This relationship between STOICCOR and amount of brine initially
present In the repository is resulting in the positive correlations between
STOICOR and gas saturation in Waste Block B and also in Waste Block A.
This relationship is an artifact of the manner in which initial repository
pore volume was set in an attempt to incorporate the competing effects of
gas generation and waste panel closure due to salt creep.

As shown in the left column of Figure 3-9, time-dependent gas pressure
in the individual waste blocks tends to .ncrease monotonically until a
maximum is reached and then undergoes a slower monotonic decrease. The
largest gas pressures are approximately 2 MPa above the lithostatic
pressure of 14.8 MPa. The gas pressures in the three waste blocks are
quite similar. As comparison of the left column in Figures 3-8 and 3-9
shows, there is more variability in gas saturation between the waste blocks
than in gas pressure. Thus, gas appears to be flowing between the waste
blocks to a greater extent than brine,

The partial rank correlation coefficients for gas pressure in the

right column of Figure 3-9 indicate that SEALPERM (permeability of seals
between waste panels) and SH2PERM (middle shaft section permeability) are
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the two most {mportant varfables Influencing gas pressure, with gas
pressure tending to decrease as each of these variables Increases. Prior
to 5000 yr, pas pressure tends to Increase as the variables GRCORH (gas-
generation rate for corrosion of steel under humid conditions), GRMICH
(gas-generation rate for microblal degradation of cellulosics under humid
conditions) and BRSAT (initial brine saturation) increase due to the
influence of these variables on increasing gas production, However, as
shown in Flgure 3-4, most gas production i{s over by 5000 yr, with the
result that gas pressure is then controlled by variables such as SEALPERM
and SH2PERM that influence gas flow out of the waste blocks,

The 1991 WIPP preliminary performance assessment did not directly
model closure of the waste panels. However, possible interaction of gas
generation and panel closure was incorporated into the analysis by setting
the initial pore volume in a waste panel to the volume necessary to contain
all waste-generated gas at lithostatic pressure (l.e., 14.8 MPa). As a
result, initial pore volume is a function of STOICCOR (stoichiometric
factor for corrosion of steel), STOICMIC (stoichiometric coefficient for
microbial degradation of cellulosics), VMETAL (fraction of total waste
volume occupied by IDB metals and glass waste category) and VWOOD (fraction
of total waste volume occupied by IDB combustible waste category). As
shown by the upper frame in Figure 3-10, pore volume remalns essentially
fixed at its initial volume, although there is a small response to changing
gas pressures through rock compressibility effects. Further, the partial
rank correlation coefficients in the lower frame of Figure 3-10 indicate
that pore volume is indeed a function of STOICCOR, STOICMIC, VMETAL and
VWooD.

3.3.5 Gas Migration

A primary focus of the studies contalned in this report is the
migration of gas away from the waste panels. For Case 2, this means pas
migration through the shaft to the Culebra Dolomite. As shown by the upper
two frames in Figure 3-11, most gas leaving the repository does Iindeed flow
up the shaft to the Culebra Dolomite.

Sensitivity analysis results based on partial rank correlation
coefficients for cumulative gas flow uvut of the repository are given in the
lower left frame of Figure 3-11. These rvesults indicate that total gas
flow out of the repository tends to increase with increasing gas generation
and decreasing resistance to gas flow. In particular, gas outflow
increases as BRSAT (Initial brine saturation), GRCOR1 (gas-generation rate
for corrosion of steel under inundated conditions) and GRCORH (gas-
generation rate for corrosion of steel under humid conditions)
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3.3 Uncertainty and Sensitivity Analysis Results

increase due to the effect of these variables on Increasing gas generation,
and gas outflow increases as SEALPERM (permeability of seals between waste
panels) and SH2PERM (permeability of middle shalt section) increase due to
decreased resistance to gas flow,

The sensitivity analysls results for cumulative gas {low through the
shaft to the Culebra Dolomite appear In the lower right of Figure 3-11. As
examination of the partial rank corrvelation coeffictents {n this framc
shows, the analysis Is inftfally unstable with wide swings in the values
for these coefficients.  This Instability results from the fact that many
of the releases to the Culebra Dolomite are 0 at carly times (f.e., < 1500
yr), with the result that the analysis results are dominated by random
noise for the first 1500 yr (e.p., changing from 19 zeros out of 22
observations to 18 zeros out of 22 observations can causce large, but
meaningless, swings in the values for the partial correlation
coefficients). After about 3000 yr, the effects of the individual
variables are clearer, with positive effects Indicated for variables that
Increase gas peneration (1.e., BRSAT and GRCORH) and decrease resistance to
gas flow (i.e., SEALPERM and SH?PERM). However, four sample elements
result In no release to the Culebra, which tends to reduce the
effectiveness of partial correlation coefliclents in ldentifying the
effects of individual variables,

When zero observations and possibly other patterns of behavior are
present, the exarination of scatterplots can help reveal the relatfonships
between sampled and calculated variables. The scatterplots for cumulative
gas flow through the shaft to the Culebra Dolamite over 10,000 yr versus
five Individual vartables are shown in Flgure 3-12.  These variables were
scelected as having the strongest relationships with cumulative gas flow
through the shaft to the Gulebra Dolomite on the basis of a visual
examination of the scatterplots for the 16 variables defined fn Table 3-1.
Although all the scatterplots show a posltive relationship between the
sampled variable and cumulative gas flow, none of the relationships are
very tight. Further, the four zero releases are scattered over the range
of each sampled variable. Thus, no single variable appears to dominate
cumulative gas release to the Culebra. As shown in Eq. 3-1, the shaft seal
permeabilitics SHIPERM, SH2PERM and SH3PERM arc corrvelated, and only the
middle shaft permeability SH2PERM was included in the partial correlation

analyslis,
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Figure 3-12. Scatterplots for cumulative gas flow over 10,000 yr through

the shatt to the Culebra Dolomite for the following sampled
variables: BRSAT (initial brine saturation), SEALPERM
(permeablility of seals between waste blocks in repository),
SHIPERM (permeahbility of lower shaft section), SH2PERM
(permeability of middle shaft section) and SHIPERM
(permeability of upper shaft scction).



3.4 Discussion

Very little brine migration away from the waste panels occurred in
this analysis case. Of the 22 sample elements used in this analysis, only
4 resulted in brine migration away from the waste panels.

As previously noted, the analysis results contained in this section
were obtained under the assumption that the pore space in the shaft was
initially gas-filled. The results obtained with this assumption are
similar to, but not identical with, the results obtained under the
assumption that the pore space in the shaft is initially brine-filled. For
example. the scatterplot of cumulative gas flow to the culebra over 10,000
yr (on a linear scale) versus SHIPERM (permeability of lower shaft section)
(on a logarithmic scale) for the initially gas-filled shaft is given in
Figure 3-13. The corresponding scatterplot for the initially brine-filled
shaft is given in Figure 5-1 of WIPP PA, 1992. As comparison of these two
scatterplots shows, the two assumptions do indeed lead to similar, but not
identical, results.

3.4 Discussion

The inventories of steel a.d cellulosics are substantially consumed by
corrosion and microbial degradation for most sample elements. Variables
affecting gas generation rates are important for gas production at early
times but not for gas production over the entire 10,000 yr period under
consideration. Overall, the most important variables for total gas
production are the two stoichiometric terms and initial brine saturation.

The analyses often produce brine saturations that are below residual
brine saturation when averaged over entire waste blocks. Thus, there are
significant regions within the individual waste panels in which brine flow
will not take place. Under such conditions, radionuclides cannot be
transported from these regions by flowing brine.

Pressures in the waste blocks typically remained below lithostatic
pressure (i.e., 14.8 MPa). However, this may be primarily due to an
analysis assumption made to resolve the competing effects of gas
pressurization of the waste panels and compaction of the waste due to
overburden pressure.

Gas flow to the Culebra resulted for 18 of the 22 sample elements used
in the analysis. Thus, the sealing system modeled in this analysis does not
prevent gas flow to the Culebra. The dominant variables with respect to
such flow were initial brine saturation in the waste, permeability of seals
between waste blocks, and permeability of seals in the shaft. In contrast,
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Chapter 3. Case 2. Permeable Shaft with Panel Seals

GAS: TO CULEBRA (10 m3) OVER 104 yr

Figure 3-13.
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3.4 Discussion

brine flow away from the waste panels occurred for only 4 of the 22 sample
elements. The importance of panel seal permeability results in part from
the assumption that the disturbed rock zone permeability is sufficiently low
to prevent significant quantities of gas from bypassing the panel seals.

The analysis for Case 2 used a Latin hypercube sample of size 22 from
16 imprecisely known variables. Comparison of analysis results with those
obtained with Case 1, which used a sample of size 60 from 14 variables,
suggests that use of a somewhat larger sample size would have produced
better-defined results. However, it is unlikely that any of the insights
obtained in the analysis would change significantly.

No errors in the implementation or operation of BRAGFLO were observed.
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4. CASE 3: PERMEABLE SHAFT WITHOUT PANEL SEALS
4.1 Summary Description*

Case 3 differs from Case 2 in the following aspects: (1) the inclusion
of the experimental area north of the shaft to account for the additional
volume available for gas storage, (2) the inclusion of anhydrite Marker Bed
138 above Anhydrite Layers A and B (see Figure 1-4 of WIPP PA, 1992), (3)
the expansion of the disturbed rock zone to include the region around the
experimental area, (4) the inclusion of a transition zone with material
properties intermediate between those of the disturbed rock zone and the
intact Salado Formation, (5) the definition of a single region containing
the 10 waste panels and another region containing the seals and backfill,
and (6) the inclusion of a single, 10-m shaft seal above Marker Bed 138.
The shaft seal design was chosen jointly by the WIPP Performance Assessment
Department and the Repository Isolation Systems Department at SNL and is
included in the analysis to provide insights on the potential effectiveness
of very high-quality, and hence expensive, low-permeability seals emplaced
over short distances. The current concept for shaft seals relies on long
regions of conventionally emplaced and compacted crushed salt, comparable to
the system modeled for Case 2.

Several features of the model formulation for Case 3 are specific to
investigating the effectiveness of short low permeability seals. For
example, the region in the shaft above and below the 10-m seal is assumed to
be backfill that offers limited flow resistance to fluid flow. 1In addition,
the panel seals, drift seals and backfill are combined into a single region
and no credit is taken for the low-permeability barriers that panel seals
might provide. The permeability of these seals is assumed to be the same as
the permeability of the waste, with the result that the primary effect panel
and drift seals have on repository performance is to provide additional gas-
storage volume. These assumptions were made to facilitate observations on
the effectiveness of the shaft seal. Thus, although Case 3 uses a more
detailed representation of the Salado Formation stratigraphy and the
disturbed rock zone than Case 2, it is not intended to provide a more
realistic approximation of the repository than Case 2.

*Adapted from Section 2.4 of WIPP PA, 1992.
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Chapter 4. Case 3: Permeable Shaft Without Pane! Seals

The computational grid used for Case 3, which is shown in Figure 4-1,
is similar to the grid used for Case 2. The grid extends 645 m vertically
from the bottom of the Salado Formation to the top of the Culebra Dolomite,
and approximately 39 km in the north-south direction. Stratigraphy is
unchanged from Case 2 except for the addition of Marker Bed 138, which is
0.4 m of anhydrite located 6 m above Anhydrite Layers A and B. The
disturbed rock zone extends horizontally 1.0 m from the waste, and a
transition zone with intermediate material properties (Chapter 3, WIPP PA,
1992) is assumed to extend upward through Marker Bed 138 and to extend 1.0 m
below Marker Bed 139 into the underlying halite. The shaft is divided into
three segments, with a single seal separating two regions of backfill. The
sump is assumed to be backfilled, and is included in the lower shaft
segment. As previously indicated, the waste disposal region is divided into
two regions, one containing the waste panels and the other containing the
panel seals and associated backfill. Figures 2-8 and 2-9 of WIPP PA, 1992
provide enlarged representations of the horizontal plane through the
repository horizon.

Boundary conditions are the same a. for Case 2: there is no flow in
the normal direction across all far-field boundaries except the lateral
boundaries of the Culebra, where the initial pressure of 1.053 MPa is held
constant throughout the simulations. Initial pressure in the shaft, drifts,
waste, experimental region, the disturbed rock zone, and the transition zone
is atmospheric (0.101 MPa). 1Initial far-field pressure in the Salado
Formation is set as in Case 2 by hydrostatic variation from the sampled
value for pressure in Marker Bed 139,

Initial brine saturation is assumed to be 1.00 for all undisturbed
rock, 1Initial brine saturation in the shaft is assumed to be residual and
is a sampled variable ranging from 0.0 to 0.4. (Section 2.3.,1, WIPP PA,
1991c). 1Initial brine saturation within the waste is also a sampled
variable. The initial brine saturations of the disturbed rock zone and
transition zone are adjusted relative to the sampled values for disturbed
rock zone and intact halite porosities so that total brine content in these
zones is not changed from undisturbed halite. The initial saturation for
the seals and backfill is set to the same sampled value used for the shaft.

4.2 Sampled Variables

The 20 imprecisely known variables listed in Table 4-1 are used as
input to BRAGFLO for the Case 3 uncertainty and sensitivity studies. As for
Cases 1 and 2, the distributions indicated in Table 4-1 characterize
subjective uncertainty. The Case 3 calculations use a Latin hypercube
sample of size 60 from the 20 variables in Table 4-1. The resultant sample
is listed in Table 3.3-2b of WIPP PA, 1992.
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4.2 Sampled Variables
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to ditferent final porosities.

for the two-dimensional
Case 3. Individual
computational cells are identified with an ordered pair (i,j)
of integers, where i designates the horizontal coordinate and j

TR-£342-1471-2

* Height of waste biock varies depending
on waste composition and porosity.
Value given is for axcavated voiume,
heights used in simulations are less
for waste and greate: for the DRZ,
based on the assumption that
different waste forms will compact
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Chapter 4. Case 3: Permeable Shaft Without Panel Seals

Table 4-1. Imprecisely Known Variables Used in BRAGFLO in the Estimation of Gas Flow through a
10-m Shaft Seal

Variable Definition
BCBRSAT Brooks and Corey residual brine saturation (S p;) (dimensionless). Range: 0.0 to 0.4.

Median: 0.2. Distribution: Piecewlse uniform. Additional information: Sect. 3.3.2,
WIPP PA, 1992, Varlable 12 in Latin hypercube sample.

BCEXP Brooks and Corey exponent (n) (dimensionless). Range: 0.2 to 10. Median: 0.7.
Distribution: Plecewlise uniform. Additional information: Same as BCBRSAT.
Variable 14 in Latin hypercube sample.

BCGSSAT Brooks and Corey residual gas saturation (Sqy) (dimensionless). Range: 0.0t0 0.4.
Median: 0.2. Distribution: Plecewise unifarm. Additional Information: Same as

BCBRSAT. Varlable 13 in Latin hypercube sample.

BRSAT Initial fluld (brine) saturation of waste (dimensionless). Range: 0to 2.76 x 10-1.
Median: 1.38 x 10-1. Distribution: Uniform. Additiona! information: Section 3.4.9,
WIPP PA, 1991¢. Varlable 1 in Latin hypercube sample Is uniformly distributed on
interval [0,1] and used to select value for BRSAT by preprocessor to BRAGFLO.

DRZPERM Disturbed rock zone permeabllity (k) (m2). Range: 1 x 10-18to 1 x 1013 m2,
Median: 3 x 10-16 m2, Distribution: Piecewise loguniform. Additional information:
Sect. 3.3.2, WIPP PA, 1992. Varlable 17 in Latin hypercube sample.

GRCORH Scale factor used in definition of gas-generation rate for corrosion of steel under
humid conditions (dimensionless). Actual gas-generation rate Is GRCORH+ GRCORI.
Range: 0to5x 10-1. Medlan: 1 x 10-1. )istribution: Piecewise uniform. Additional
information: Memo from Brush, July 8, 1991, contalned in Appendix A, WIPP PA
1991¢; Section 3.3.8, WIPP P.,. 1991c. Varlable 3 in Latin hypercube sample.

GRCORI Gas-generation rate for corrosion of steel under inundated conditions (mol/m?2
surface area steel+s). Range: 0to 1.3 x 10-8 mol/m2 s. Median: 6.3 x 10-9
mol/m2 s. Distribution: Plecewise uniform. Additional information: Same as
GRCORH. Varlable 4 in Latin hypercube sample.

GRMICH Scale factor used in definition of gas-generation rate due to microbial degradation of
cellulosics under humid conditions (dimensionless). Actual gas-generation rate s
GRMICH«GRMICI. Range: 0to2x 10-1. Median: 1 x 10-1. Distribution: Piecewise
uniform. Additional information: Same as GRCORH. Variable 5 in Latin hypercube
sample.
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4.2 Sampled Variables

Table 4-1. Imprecisely Known Varlables Used in BRAGFLO In the Estimation of Gas Flow through a
10-m Shaft Seal (Continued)

Varlable

Definition

GRMICI

MBPERM

MBPRES

SALPERM

SALPOR

SEALPERM

STOICCOR

STOICMIC

Gas-generation rate due to microblal degradation of cellulosics under inundated
conditions (mol/kg cellulosics«s). Range: 0to 1.6 x 10-8 mol/kg s. Median:

3.2 x 10-9 mol/kg s. Distribution: Plecewise uniform. Additional information: Same
as GRCORH. Variable 6 in Latin hypercube sample.

Permeabllity (k) in anhydrite marker beds in Salado Formation under undisturbed
conditions (m2). Range: 8.5x 10-21t0 1.8 x 10-18 m2, Median: 8 x 10-20 m2,
Distribution: Plecewise uniform. Additional information: Sect. 3.3.2, WIPP PA, 1992,
Varlable 19 In Latin hypercube sample.

Pressure (p) in anhydrite Marker Bed 139 under undisturbed conditions (Pa).
Pressures at other elevations in Salado Formation were varled hydrostatically from
sampled value for MBPRES. Pressures Range: 8.2 x 106 t0 1.5 x 107 Pa. Median:
1.3 x 10°7 Pa. Distribution: Piecewise uniform. Additional information: Section
2.4.6, WIPP PA, 1991c. Variable 18 in Latin hypercube sample.

Permeability (k) In halite component of Salado Formation (m2). Range: 1 x 10-25to
1x 1021 m2. Medlan: 2x 10-24 m2, Distribution: Plecewise loguniform. Additional
information: Sect. 3.3.2, WIPP PA, 1992. Varlable 10 in Latin hypercube sample.

Porosity (¢) in Salado Formation halite and anhydrite under undisturbed conditions
(dimensionless). Range: 1x 10-3to 3 x 10-2. Median: 1.55 x 10-2. Distribution:
Uniform. Additional information: Section 2.3.7, WIPP PA, 1991c. Variable 11 In Latin
hypercube sample.

Shaft Seal Permeabillity (k) (m2). Range: 1x 10-21to 1 x 10-18 m2, Median: 3.16 x
10-20 m2, Distribution: Lognormal. Additional informatior: Sect. 3.3.2, WIPP PA,
1992. Varlable 20 in Latin hypercube sample.

Stoichiometric factor for corrosion of steel (dimensionless). Defines proportion of
two different chemical reactlons that take place during the corrosion process.
Range: Oto 1. Median: §x 10-1. Distribution: Uniform. Additional information:
Brush and Anderson in Lappin et al., 1989, p. A-6; Section 3.3.8, WIPP PA, 1991c.
Varlable 2 In Latin hypercube sample.

Stoichiometric coefficient for microblal degradation of cellulosics (mol gas/mol
CH20). Range: 0 to 1.67 mol/mol. Median: 8.35 x 10-1 mol/mol. Distribution:
Uniform. Additional Information: Brush and Anderson in Lappin et al., 1989, p. A-10;
Section 3.3.9, WIPP PA, 1991c, Variable 9 In Latin hypercube sample.
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Table 4-1. Imprecisely Known Varlables Used in BRAGFLO In the Estimation of Gas Flow through a
10-m Shaft Seal (Concluded)

Variable Definition

TZPERM Transition zone permeabillity (k) (m2). Range: 1x 10-21to 1 x 10-19m2. Median: 7
x 10-21 m2. Distribution: Piecewise Loguniform. Additional information: Sect. 3.3.2,
WIPP PA, 1992. Variable 16 in Latin hypercube sample.

TZPOR Scale factor used in definition of transition zone and disturbed rock zone porosity
(¢2), with the transition zone and disturbed rack zone porosity defined by ¢, =
SALPOR + (0.06 - SALPOR)«TZPOR, Range: 0to 1. Median: 0.5. Distribution:
Uniform. Additional information: Sect. 3.3.2, WIPP PA, 1992. Varlable 15 In Latin
hypercube sample.

VMETAL Fraction of total waste volume that is occupled by IDB (Integrated Data Base) metals
and glass waste category (dimensionless). Range: 2.76 x 10-1 to 4.76 x 10-1.
Median: 3.76 x 10-1. Distribution; Normal. Additional Information: Section 3.4.1,
WIPP PA, 1991c. Variable 7 in Latin hypercube sample.

VWOOD Fraction of total waste volume that is occupled by IDB combustible waste category
(dimensionless). Range: 2.84 x 10-1t04.84 x 101, Median: 3.84 x 10°1.
Distribution: Normal. Additional Information: Section 3.4.1, WIPP PA, 1981c.
Variable 8 in Latin hypercube sample.

Use of the 4/3 rule indicated in Section 3.2 to select the sample size
for Case 3 results in a sample of size 27. However, the sample of size 22
used for Case 2 did not seem to be as revealing as the sample of size 60
used for Case 1. Therefore, the decision was made to use a larger sample
size (i.e., 60), which results in both denser stratification across the
range of each variable and a greater variety of variable combinations but at
the price of greater computational cost.

In addition to the 20 sampled variables listed in Table 4-1, the
calculations for Case 3 also required values for a number of additional
variables that were fixed at their best-estimate values. These variables
and their values are listed in Tables 3.1-1b and 3.3-1a of WIPP PA, 1992.
Further, additional discusslon of the BRAGFLO input for Case 3 is avallable
in Section 3,3 of WIPP PA, 1992,



4.3 Uncertainty and Sensitivity Analysis Results

4.3 Uncertainty and Sensitivity Analysis Results

Gas flow through the repository and up the shaft to the Culebra
Dolomite is the outcome of greatest interest for Case 3. Thus, as for Cases
1 and 2, a natural starting point is an exploration of the factors affecting
gas generation. Uncertainty and sensitivity analysis results for corrosion,
microbial degradation and total gas production are presented in Sections
4.3.1, 4.3.2 and 4.3.3. Then, results for gas saturation and gas pressure
in the repository are presented in Section 4.3.4, followed by results for
gas migration into the anhydrite marker beds in Section 4.3.5, Finally, gas
and brine migration through the shaft to the Culebra Dolomite is considered
in Section 4.3.6,

4.3.1 Gas Generation Due to Corrosion

A summary of the results for gas generation due to corrosion is given
in Figure 4-2., The two upper frames in Figure 4-2 show cumulative gas
generation as a function of time due to corrosion under humid conditions
(upper left frame) and corrosion under inundated conditions (upper right
frame). Each curve in the upper two frames results from a single Latin
hypercube sample element (i.e., each frame has 60 curves, one for each
sample element). Overall, the range of gas production under humid
conditions is similar to the range of gas production under inundated
conditions,

Formal sensitivity analysis techniques based on partial rank
correlation can be used to investigate the variation in cumulative gas
production shown in the upper two frames of Figure 4-2., Specifically, the
lower two frames in Figure 4-2 show time-dependent plots of partial rank
correlation coefficients between cumulative gas production and individual
variables from Table 4-1. These coefficients were calculated on the basis
of vertical slices through the cumulative gas production curves. As a
reminder, a positive rank correlation coefficient indicates that two
variables tend to increase and decrease together, and a negative rank
correlation coefficient indicates that, as one variable increases, the other

tends to decrease.

As shown by the partial correlation results in the lower left frame of
Figure 4-2, cumulative gas production due to corrosion under humid
conditions tends to increase as GRCORH (scale factor used in definition of
gas-generation rate for corrosion of steel under humid conditions) and
GRCORI (gas-generation rate for corrosion of steel under inundated
conditions) increase. The positive effects for GRCORH and GRCORI result
because the actual pas generation-rate due to corrosion under humid
conditions is defined by GRCORH+GRCORI. As shown by the partial correlation
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Figure 4-2, Uncertainty and sensitivity analysis results for gas generation
due to microbial degradation of cellulosics.
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4.3 Uncertainty and Sensitivity Analysis Results

results In the lower right frame of Figure 4-2, cumulative gas production
due to corrosion under inundated conditions tends to increase as BRSAT
(initial brine saturation of waste) and GRCOR! (gas-generation rate for
corrvosion of steel under {nundated conditlons) increase and tends to
decrease as GRCORH (scale factor used In definitfon of gas peneration rate
for corrosion of steel under humid conditions) increases, The positive
effects for BRSAT and GRCORI result because increasing BRSAT increases the
amount of steel that will be consumed by corrosion under inundated
conditions and Increasing GRCORD Increases the rate which gas 1s produced by
corroslon under inundated conditions., The negative effect for GRCORH
results because the increased consumption of steel and brine by corrosion
under humid conditions reduces the amount of gas that can be produced by the
corrosion of steel under inundated conditions.

Stepwise regression analysis can also be used to analyze the cumulative
gas productlon results shown in Figure 4-2. The two regression analyses
shown in Table 4-2 are for cumulative gas production over 10,000 yr due to
corrosion under humid and inundated conditlons, respectively, Thus, these
two regression analyses are for the gas production values appearing above
10,000 yr in the two upper frames of Figure 4-2. The regression analysis
for gas production under humid conditions indicates positive effects (i.e.,
positive regression coefficients) for GRCORH (scale factor used in
definition of gas-generation rate for corrosion of steel under humid
conditions) and GRCORL (gas-generation rate for corrosion of steel under
Inundated conditions. As indicated earlier, the positive effects for GRCORH
and GRCORT result becauge the gas-generation rate for the corrosion of steel
under humid conditions is GRCORHsGRCORL, The scale factor CGRCORH is the
most important variable and accounts for 6ly (i.e., R? = 0.61) of the
variability in gas generation due to corrosion under humid conditions.
Further, GRCOR! accounts for an additional 6% of the vaviability (i.e.,

67% - 61l% = 0%).

The regression analysis in Table 4-2 for gas production under inundated
conditions indicates positive effects for BRSAT (initial brine saturation of
waste) and GRCORI (gas-generation rate for corrosion of steel under
inundated conditions) and negative effects for GRCORH (scale factor used in
definition of pas-generation rate for corrosion of steel under humid
conditions) and STOICCOR (stochiometric factor for corrosion of steel).
These effects result because increasing BRSAT increases the amount of steel
exposed to corrosion under inundated conditions, increasing GRCORI increases
the gas-generation rate under inundated conditions, increasing GRCORH
decreases the amount of steel available for corrosion under inundated
conditions, and i{ncreasing STOICCOR decreases the amount of gas produced per
unit of steel consumed in the corrosion process., Initial brine saturation
(BRSAT) is the most important variable and accounts for 58% of the ‘
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variability in gas generation due to corrosion under inundated conditions.
Further, GRCORH, GRCORI and STOICCOR collectively account for an additional
28% of the variability.

4.3.2 Gas Generation Due to Microbial Degradation

A summary of the analysis results for gas generation due to microbial
degradation ls given in Figure 4-3. The upper two frames in Figure 4-3 show
cunulative gas generation due to microblal degradation under humid and
inundated conditions, respectively. As comparison with the corresponding
plots In Flgure 4-2 shows, pas generation due to microbial degradation is
approximately 50% or less than gas generation due to corrosion. The ranges
of cumulative gas generation shown in Figure 4-3 for inundated and humid
conditions are similar.

Table 4-2. Stepwise Regression Analyses with Rank-Transformed Date for Cumulative Gas Production
over 10,000 yr Due to Corrosion under Humid and Inundated Conditions

Total Gas Production over 10,000 yr Total Gas Production over 10,000 yr
(Humid Corrosion) (Inundated Corrosion)
Step?  VarlableP SRcc Red Step? VarlableP SRCC  Ra2d
1 GRCORH 0.78 0.61 1 BRSAT 0.75 0.58
2 GRCORI 0.256 0.67 2 GRCORH -0.47 0.80
3 GRCORI 0.20 0.84
4 STOICCOR -0.14 0.86

& Steps In stepwise regression analysls

b varlables listed in order of selection in regression analysis

C Standardized regression coefficients In final regression model

d Cumulative R2 value with entry of each variable into regression model

The lower two frames in Figure 4-3 present sensitivity analysis results
based on partial rank correlation coefficients. For cumulative gas
production under humid conditions, increasing each of GRMICH (scale factor
used in definition of gas-generation rate due to microbial degradation of
cellulosics under humid conditions), STOICMIC (stoichiometric coefficlent
for microbial degradation of cellulosics) and GRMICI (gas-generation rate
due to microbial degradation of cellulosics under inundated conditions)
increases gas production, Increasing STOICMIC increases the amount of gas
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Cumulative Gas Production Due to Corrosion of Steel
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Chapter 4. Case 3: Permeable Shaft Without Panel Seals

produced per unit of cellulose consumed while increasing GRMICH and GRMICI
increases the rate GRMICH<GRMICI of microbial degradation. The importance
of GRMICI decreases over time, probably due to its influence on gas
generation under both humid and inundated conditions and to the fact that it
influences the rate at which gas is produced but not the total amount of gas
that can be produced. In addition, increasing BRSAT (initial brine
saturation) tends to decrease gas production under humid conditions by
increasing the amount of cellulose that is exposed to microbial degradation
under inundated conditions. For cumulative gas production under inundated
conditions, increasing each of BRSAT, STOICMIC and GRMICI increases gas

production.

The regression analyses for cumulative gas production over 10,000 yr
due to microbial degradation under humid and inundated conditions,
respectively, are presented in Table 4-3. The¢se analyses are for the gas
production values appearing above 10,000 yr in the two upper frames of
Figure 4-3. For gas production under humid conditions, the variables GRMICH
(scale factor used in definition of gas-generation rate due to microbial
degradation of cellulosics under humid conditions), STOICMIC (stoichiometric
coefficient for microbial degradation of cellulosics), BRSAT (initial brine
saturation), VWOOD (fraction of total waste volume that is occupied by IDB
combustible waste category) and GRMICI (gas-generation rate due to microbial
degradation of cellulosics under inundated conditions) can account for 72%
of the observed variability in gas production, with gas production tending
to increase with increasing values for GRMICH, STOICMIC, VWOOD and GRMICI
and tending to decrease with increasing values for BRSAT. For gas
production under inundated conditions, the variables BRSAT and STOICMIC can
account for 57% of the observed variability in gas production, with gas
production tending to increase as each of these variables increases. When
the two additional variables GRMICI and GRMICH are added to the regression
model, 67% of the variability in gas production can be accounted for, with
gas production tending to increase as GRMICI increases and tending to

decrease as GRMICH increases.

4.3.3 Total Gas Production

The upper two frames in Figure 4-4 show total gas production due to
corrosion and microbial degradation and were obtained by combining the
corresponding results in Figures 4-2 and 4-3 for gas production under humid
and inundated conditions. Typically, low gas production under humid
conditions 1s associated with higher gas production under inundated
conditions and vice versa. As a result, the gas production curves in
Figure 4-4 tend to lie farther above the abscissa than many of the
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Table 4-3.  Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas Production
over 10,000 yr Due to Microbial Degradation under Humid and Inundated Conditions.

Total Gas Production over 10,000 yr Total Gas Production over 10,000 yr
(Humid Degradation) (Inundated Degradation)

Stepd  VariableD SRCC  R2d Stepd Variable? SRc¢ R
1 GRMICH 0.57 0.32 1 BRSAT 0.62 0.37
2 STOICMIC 0.46 0.52 2 STOICMIC 0.45 0.57
3 BRSAT -0.26 0.59 3 GRMICI 0.26 0.63
4 VWOOD 0.25 0.65 4 GRMICH -0.20 0.67
5 GRMICI 0.25 0.72

a Steps in stepwise regression analysis

b variables listed in order of selection in regression analysis

C Standardized regression coefficients in final regression model

d Cumulative R2 value with entry of each variable into regression model

individual curves in Figures 4-2 and 4-3. Overall, the gas production due
to corrosion tends to be approximately two to three times the gas
production due to microbial degradation. Gas production associated with
microbial degradation of cellulosics has more curves close to zero than gas
production due to corrosion due to the assignment of a range of possible
values for STOICMIC (stoichiometric coefficient for microbial degradation
of cellulosics) that extends to zero, which results in no gas generation

due to microbial degradation.

The lower two frames in Figure 4-4 present sensitivity analysis
results based on partial rank correlation coefficients. For cumulative gas
production due to corrosion, increasing BRSAT (initial brine saturation),
GRCORI (gas-generation rate for corrosion of steel under inundated
conditions) and GRCORH (scale factor used in definition of gas-generation
rate for corrosion of steel under humid conditions) tends to increase gas
production. Increasing BRSAT, GRCORI and GRCORH tends to increase the rate
of gas production and hence cumulative gas production. In contrast, a
negative effect is indicated for STOICCOR (stoichometric factor for
corrosion of steel), which results because increasing STCICCOR decreases
the amount of gas produced per unit of steel consumed in the corrosion
process. For cumulative gas production due to microbial degradation,
CRMICI (gas-generation rate due to microbial degradation of cellulosics

under inundated conditions) and BRSAT (initial brine saturation) have
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4.3 Uncertainty and Sensitivity Analysis Results

positive effects at early times and then decrease in importance. In
contrast, STOICMIC (stoichiometric coefficient for microbial degradation of
cellulosics) has an increasingly important positive effect with time and
ultimately dominates the variability in cumulative gas production.

The two regression analyses in Table 4-4 are for cumulative gas
production over 10,000 yr due to corrosion and microbial degradation,
respectively. Thus, these analyses are for the gas preduction values
appearing above 10,000 yr in the two upper frames of Figure 4-4. The
regression analysis for gas production due to corresion selected the
variables BRSAT (initial brine saturation), GRCORI (gas-generation rate for
corrosion of steel under inundated conditions) STOICCOR (stoichiometric
factor for corrosion of steel) and VMETAL (fraction of
total waste volume that is occupied by IDB metals and glass waste
category), with BRSAT, GRCORI and VMETAL having a positive effect on gas
production and STOICCOR having a negative effect on gas production,
Collectively, these four variables can account fer 70% of the variability
in gas production due to corrosion.

Table 4-4.  Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production Due
to Corrosion over 10,000 yr and Total Gas Generation Due to Microbial Degradation over

10,000 yr.
Total Gas Production over 10,000 yr Total Gas Production over 10,000 yr
(Corrosion) (Microbial Degradation)
Step@  Variableb SRCC  R2d Stepa VariableP SRCC¢  R2d
1 BRSAT 0.64 0.43 1 STOICMIC 0.68 0.44
2 GRCORI 0.35 0.56 2 GRMICI 0.36 0.56
3 STOICCOR -0.31 0.66 3 VYWOOD 0.24 0.62
4 VMETAL 0.21 0.70 4 BRSAT 0.20 0.66

a Steps in stepwise regression analysis

b variables listed in order of selection in regression analysis

C Standardized regression coefficients in final regression model

d Cumulative R2 value with entry of each variable into regression model

The regression analysis in Table 4-4 for gas production due to
microbial degradation can account for 66% of the observed variability in
gas production. In particular, STOICMIC (stoichiometric coefficient for
microbial degradation of cellulosics) was found to account for 44% of the
observed variability and small additional effects were indicated for GRMICI
(gas-generation rate due to microbial degradation of cellulosics under
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inundated conditions), VWOOD (fraction of total waste volume occupied by
IDB combustible waste category) and BRSAT (initial brine saturation),

The gas production due to corrvosion and to microbial degradation can
be combined to produce the total gas production results shown in the upper
frame of Figure 4-5. Most sample elements show a period of rapid gas
production in the first few thousand years, with considerably reduced rates
of gas production at later times. As examination of the two upper frames
in Figure 4-6 shows, the inventory of steel and cellulosics is often
exhausted or significantly depleted after the first few thousand years.

The lower frame in Figure 4-5 presents sensitivity analysis results
based on partial rank correlation coefficients. At early times, total pas
production is dominated by GRCORI (gas-generation rate for corrosion of
steel under inundated conditions), GRCORH (scale factor used in definition
of gas-generation rate for corrosion of steel under humid conditions),
GRMICI (gas-generation rate for microbial degradation of cellulosics under
inundated conditions), GRMICH (scale factor used in definition of gas-
generation rate for microbial degradation of cellulosics under humid
conditions) and BRSAT (initial brine saturation), with total gas generation
tending to increase as each of these variables increases. As time
increases, GRCORT, GRCORH, GRMICI and GRMICH become less important and have
little effect on total gas generation over 10,000 vr. In contrast,
STOICMIC (stoichiometric coefficient for microbial degradation of
cellulosics) has little effect on total gas production at early times but
increases in importance with increasing time due to the fact that total
microbial gas production is determined primarily by STOICMIC.

A regression analysis for cumulative gas production over 10,000 yr due
to both corrosion and microbial degradation is presented in Table 4-5, The
first variable selected in the analysis is BRSAT (initial brine
saturation) ; which has a positive regression coefficient and can account
for 42% of the variability in total gas production. The indicated effect
for BRSAT is consistent with its dominant influence on gas generation due
to corrosion as indicated in Figure 4-4 and Table 4-4. The next variables
selected in the regression analysis are STOICMIC (stoichiometric
coefficient for microbial degradation of cellulosics) and STOICCOR
(stoichiometric factor for corrosion of steel). The positive regression
coefficient for STOICMIC and the negative regression coefficient for
STOTCCOR are consistent with the effects of these variables on gas
generation due to microbial degradation and corrosion, respectively.
Collectively, BRSAT, STOICMIC and STOLCCOR can account tor 60% of the

variability in total pas production over 10,000 vr.
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4.3 Uncertainty and Sensitivity Analysis Results

Table 4-5. Stepwise Regression Analysis with Rank-Transformed Data for Total Gas Production Over
10,000 yr Due to Both Corrosion and Microbial Degradation.

Total Gas Production over 10,000 yr
(Corrosion and Microbial)

Stepa VariableP SRCC R2d
1 BRSAT 0.64 0.42
2 STOICMIC 0.33 0.52
3 STOICCOR -0.28 0.60

a Steps In stepwise regression analysis

b variables listed in order of selection in regression analysis

C Standardized regression coefficients in final regression model
Cumulative R2 value with entry of each variable into regression model

As previously indicated, the upper two frames in Figure 4-6 show the
time-dependent steel and cellulosic inventories associated with the
individual sample elements. The lower two frames present sensitivity
analyses based on partial rank correlation coefficients. The steel
inventory is initially dominated by VMETAL (faction of total waste volume
occupied by IDB metals and glass category), with the importance of this
variable decreasing with time., The variables GRCOR1 (gas-generation rate
for corrosion of steel under inundated conditions), GRCORH (scale factor
used in definition of gas-generation rate for corrosion of steel under
humid conditions) and BRSAT (initial brine saturation) have negative
effects on the steel inventory. As with VMETAL, the importance of GRCORI
and GRCORH tends to decrease with time; in contrast, the importance of
BRSAT remains relatively fixed. The negative relationships involving
GRCORI, GRCORH and BRSAT result from their effects in increasing the rate
of corrosion. Further, the corrosion process stops when all the brine in a
computational cell is consumed. Thus, increasing BRSAT increases the
amount of steel that can be consumed by corrosion before the corrosion
process is stopped due to brine depletion in the absence of brine inflow
from the Salado Formation. The cellulosic inventory is initially dominated
by VWOOD (fraction of total waste volume that is occupied by LDB
combustible waste category), with the importance of this variable
decreasing rapidly with time. The variable GRMICI (gas-generation rate due
to microbial degradation of cellulosics under inundated conditions) shows a
negative effect on cellulosic inventory due to its effect in increasing the
rate at which cellulosics are consumed. Similarly, BRSAT shows a negative
effect because cellulose is consumed more rapidly under inundated than

under humid conditions. The positive effect indicated for STOICMIC
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(stoichiometric coefficient for microbial degradation of cellulosics)
probably results because increased values for STOICMIC lead to increased
rates of gas generation, which in turn lead to humid conditions and thus
lower rates of microbial degradation of cellulosics.

4.3.4 Gas Saturation and Pressure in Waste

Time-dependent values for average gas saturation in the waste (i.e.,
averaged over entire repository) and gas pressure in the waste are
presented in the two upper frames of Figure 4-7. For most sample elements,
gas saturation increases monotonically with time, although there may be a
small drop in gas saturation in the first few hundred years. As the
partial rank correlation coefficients for gas saturation in the lower left
frame of Figure 4-7 show, increasing each of GRCORI (gas-generation rate
for corrosion of steel under inundated conditions), GRCORH (scale factor
used in definition of gas-generation rate for corrosion of steel under
humid conditions), TZPOR (scale factor used in definition of transition
zone and disturbed rock zone porosity) and STOICCOR (stoichiometric factor
for corrosion of steel) tends to increase gas saturation, and increasing
each of BRSAT (initial brine saturation) and SALPOR (porosity in Salado
Formation halite and anhydrite under undisturbed conditions) tends to
decrease gas saturation. The effects for GRCORI, GRCORH, BRSAT and SALPOR
result because increasing each of GRCORI and GRCORH increases the amount of
gas in the panel and increasing each of BRSAT and SALPOR increases the
amount of brine in the panel. The dominant effect of SALPOR on net brine
flow into the waste panel is indicated by the partial correlation
coefficients shown in the lower right frame of Figure 4-8. A positive
effect is indicated for TZPOR, which probably results from increased brine
flow from the repository to the underlying disturbed rock zone and
transition zone. The cause of the positive effect indicated for STOICCOR
is not immediately apparent, as increasing STOICCOR tends to decrease gas
production. However, as discussed in conjunction with Figures 2-13 and
3-10, increasing STOICCOR also tends to decrease the pore volume in the
repository. In turn, decreasing pore volume tends to decrease the amount
of brine initially in the repository, which is set as a fraction of the
initial pore volume., Corrosion is assumed to proceed at a constant rate in
each computational cell until the brine contained in the cell is consumed.
As a result, large values of STOICCOR will lead to a larger percentage of
the available brine being consumed; in turn, this frees up more space that
can be occupied by gas and thus increases the gas saturation.

As shown in the upper right frame of Figure 4-7, time-dependent gas

pressure in the repository tends to increase initially and then to
decrease, with the rate of decrease being slower than the rate of increase.
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4.3 Uncertainty and Sensitivity Analysis Results

Only one sample element produces gas pressures that are close to the
litkostatic pressure of 14.8 MPa. The partial rank correlation
coefficients for gas pressure in the lower right frame of Figure 4-7
indicate that gas pressure is dominated by BRSAT (initial brine saturation)
and TZPOR (scale factor used in definition of transition zone and disturbed
rock zone porosity). Increasing BRSAT increases gas pressure by increasing
gas production, and increasing TZPOR decreases gas pressure by increasing
the pore volume available for gas storage. In addition, GRCORH (scale
factor used in definition of gas-generation rate for corrosion of steel
under humid conditions), GRCORI (gas-generation rate for corrosion of steel
under inundated conditions) and GRMICI (gas-generation rate due to
microbial degradation of cellulosics under inundated conditions) have
positive effects on gas pressure at early times. At later times SEALPERM
(shaft seal permeability) has a negative effect on gas pressure due to the
reduced resistance to gas flow up the shaft that results as SEALPERM

increases.

Regression analyses for gas saturation and gas pressure at 10,000 yr
are presented in Table 4-6. These analyses are for the gas saturation and
gas pressure values appearing above 10,000 yr in Figure 4-7. For gas
saturation at 10,000 yr, the dominant variable is BRSAT (initial brine
saturation), which can account for 44% of the observed uncertainty.
Increasing BRSAT tends to reduce gas saturation by increasing the pore
volume that 1s occupied by brine. After BRSAT, the regression analysis
selects GRCORI (gas-generation rate for corrosion of steel under inundated
conditions), SALPOR (porosity in Salado Formation halite and anhydrite
under undisturbed conditions) and MBPERM (permeability in anhydrite marker
beds in Salado Formation under undisturbed conditions), with each of these
variables accounting for 6% to 7% of the uncertainty in gas saturation.
Increasing GRCORI tends to increase gas saturation by increasing gas
production. In contrast, increasing each of SALPOR and MBPERM tends to
decrease gas saturation. As shown in Table 4-7, the negative effects on
gas saturation indicated for SALPOR and MBPERM result from the positive
effects on brine inflow to the repository (i.e., increasing each of SALPOR
and MBPERM tends to increase the amount of brine flowing into the
repository, which in turn reduces the amount of pore space that can be
occupied by gas). Collectively, BRSAT, GRCORI, SALPOR and MBPERM can
account for 64% of the uncertainty in gas saturation at 10,000 yr.

For gas pressure at 10,000 yr, BRSAT (initlal brine saturation) is
again the dominant variable and can account for 59% of the uncertainty.
Increasing BRSAT tends to increase gas pressure by both increasing gas
generation and reducing the pore volume available for gas storage. The
next variable selected in the regression analysis is TZPOR (scale factor
used in definition of transition zone and disturbed rock zone porosity),
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Chapter 4. Case 3: Permeable Shaft Without Panel Seals

Table 4-6.  Stepwise Regression Analyses with Rank-Transformed Data for Gas Saturation and Gas
Pressure in Repository at 10,000 yr.

Gas Saturation at 10,000 yr Gas Pressure at 10,000 yr
Stepa  VariableP SRcc  Rad StepA VariableP SRCC  R2d
1 BRSAT -0.67 0.44 1 BRSAT 0.74 0.59
2 GRCORI 0.28 0.51 2 TZPOR -0.31 0.68
3 SALPOR -0.27 0.58 3 SEALPERM -0.27 0.74
4 MBPERM -0.23 0.64 4 STOICCOR -0.17 0.77
5 GRCORI 0.15 0.79

a Steps in stepwise regression analysis

b variables listed in order of selection in regression analysis

C Standardized regression coefficients in final regression model
Cumulative R2 value with entry of each variable into regression model

Table 4-7.  Stepwise Regressian Analyses with Rank-Transformed Data for Total and Net Brine Inflow to
the Repository over 10,000 yr.

Total Brine Inflow over 10,000 yr Net Brine Inflow over 10,000 yr
Step@  VariableP SRcC  R2d Stepd Variableb SRCC  Red
1 SALPOR 0.65 0.39 1 SALPOR 0.66 0.40
2 MBPERM 0.32 0.51 2 MBPERM 0.31 0.51
3 TZPOR -0.31 0.60 3 TZPOR -0.31 0.61
4 BRSAT -0.23 0.66 4 BRSAT -0.23 0.66
5 BCBRSAT -0.19 0.69 5 BCBRSAT -0.19 0.69
6 SALPERM 0.19 0.72 6 SALPERM 0.18 0.72
7 BCEXP 0.19 0.76 7 BCEXP 0.18 0.76

a Steps in stepwise regression analysis
Variables listed in order of selection in regression analysis

C Standardized regression coefficients in final regression model
Cumulative RZ value with entry of each variable into regression model

with gas pressure tending to decrease as TZPOR increases. This negative
effect results because increasing TZPOR results in more pore volume for gas
storage and hence in reduced gas pressures. The variable TZPOR accounts
for 9% of the uncertainty of gas pressure. An additional 6% of the
uncertainty is accounted for by SEALPERM (shaft seal permeability), with
gas pressure tending to decrease as SEALPERM increases. This negative
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4.3 Uncertainty and Sensitivity Analysis Results

effect results because increasing SEALPERM results in more gas flow out of
the waste panel and hence in lower gas pressures. Small effects are also
indicated for STOICCOR (stoichiometric factor for corrosion of steel) and
GRCORI (gas-generation rate for corrosion of steel under inundated
conditions), with gas pressure tending to decrease as STOICCOR increases
and to increase as GRCORI increases. These effects result because
increasing STOICCOR decreases gas generation due to corrosion and
increasing GRCORI increases gas generation due to corrosion. Collectively,
BRSAT, TZPOR, SEALPERM, STOICCOR and GRCORI can account for 79% of the
uncertainty in gas pressure at 10,000 yr.

Total and net brine inflow are summarized in Figure 4-8. As
comparison of the two sets of inflow results in Figure 4-8 shows, there is
essentially no difference between total and net brine inflow. This is
considerably different from the results shown in Figure 2-12 for Case 1,
where there is a substantial difference between total and net inflow. As
shown in Figure 4-8, brine inflow is controlled by SALPOR (porosity in
Salado Formation halite and anhydrite under undisturbed conditions), MBPERM
(permeability in anhydrite marker beds in Salado Formation under
undisturbed conditions), BCEXP (Brooks and Corey exponent), DRZPERM
(disturbed rock zone permeability), BCBRSAT (Brooks and Corey residual
brine saturation) and TZPOR (scale factor used in definition of transition
zone and disturbed rock zone porosity), with brine inflow tending to
increase as SALPOR, MBPERM, BCEXP and DRZPERM increase and tending to
decrease as BCBRSAT and TZPOR increase. Similar results are obtained in
the regression analyses presented in Table 4-7 for total and net brine
inflow to the repository over 10,000 yr (i.e., for the brine inflow values
appearing above 10,000 yr in Figure 4-8). The positive effects for SALPOR
and MBPERM result because increasing SALPOR increases the reservoir of
brine in the Salado Formation potentially available for flow to the
repository and increasing MBPERM reduces the resistance to brine flow in
the anhydrite marker beds. The positive effect for DRZPERM results from
reducing resistance to brine flow through the disturbed rock zone to the
repository. The positive effect indicated for BCEXP and the negative
effects indicated for BCBRSAT and TZPOR result from the role that these
variables play in the definition of effective permeabilities for the

transition and disturbed rock zones.

The 1991 WIPP performance assessment did not directly model closure of
the waste panels. However, possible interaction of gas generation and
panel closure was incorporated into the analysis by setting the initial
pore volume in a waste panel to the volume necessary to contain all waste-
generated gas at lithostatic pressure. As a result, initial pore volume is
a function of STOICCOR (stoichiometric factor for corrosion of steel),
STOICMIC (stoichiometric coefficient for microbial degradation of
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Chapter 4. Case 3: Permeable Shaft Without Panel Seals

cellulosics), VMETAL (fraction of total waste volume occupied by IDB metals
and glass waste category) and VWOOD (fraction of total waste volume
occupied by IDB combustible waste category). The behavior of pore volume
for Case 3 is essentially the same as shown in Figures 2-13 and 3-10 for
Cases 1 and 2.

4.3.5 Gas Movement in Anhydrite Marker Beds

As shown in Figure 4-1, there are three anhydrite marker beds in Case
3 into which gas can flow from the disturbed rock zone surrounding the
repository:  Marker Bed 139, Anhydrite Layers A and B, and Marker Bed 138,
Gas flow occurs when the gas pressure in the disturbed rock zone exceeds
the gas barrier pressure in the adjacent intact anhydrite layer. 1In
BRAGFLO, the determination of whether or not gas flow occurs on the south
end of the panel is made on the basis of the following pairs of adjacent
computational cells: Cells (7,6) and (8,6) for Marker Bed 138, Cells (7,8)
and (8,8) for Anhydrite Layers A and B, and Cells(7,15) and (8,15) for
Marker Bed 139; a similar determination is made for the north end of the

panel,

The gas barrier pressures in Cells (7,6), (7,8) and (7,15), the gas
pressures in Cells (8,6), (8,8) and (8,15), and the differences between gas
barrier pressure in the anhydrite and gas pressure in the disturbed rock
zone for adjacent cells are shown in Figure 4-9. The gas barrier pressures
initially drop as brine flows out of the anhydrite layers into the
disturbed rock zone; then, as brine flows through the anhydrite layers to
replenish the brine initially lost to the disturbed rock zone, the gas
barrier pressures cease to decrease and begin to increase. The gas
pressures in the disturbed rock zone increase initially and then often show
a slow decrease. As shown by the differences between gas barrier pressures
and gas pressures in the third column of plots in Figure 4-9, gas pressure
rarely exceeds gas barrier pressure, with the result that there is little
gas flow from the disturbed rock zone to the anhydrite layers. 1In
particular, 6 sample elements result in gas flow from the disturbed rock
zone to Marker Bed 138; 5 sample elements result in gas flow to Anhydrite
Layers A and B, and 3 sample elements result in gas flow to Marker Bed 139.

As shown in Figure 4-10, sensitivity analysis results based on partial
rank correlation coefficients can be used to determine the individual
variables that are controlling the uncertainty in gas barrier pressures and
gas pressures shown in Figure 4-9, Gas barrier pressure is initially
controlled by MBPRES (pressure in anhydrite Marker Bed 139 under
undisturbed conditions) and MBPERM (petmeability in anhydrite marker beds
in Salado Formation under undisturbed conditions), with the importance of
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4.3 Uncertainty and Sensitivity Analysis Results

MBPRES and MBPERM decreasing with time. Increasing MBPRES tends to
increase the gas barrier pressure while increasing MBPERM tends to decrease
the gas barrier pressure. At later times, the uncertainty in gas barrier
pressure is dominated by BRSAT (initial brine saturation) and TZPOR (scale
factor used in definition of transition zone and disturbed rock zone
porosity), with gas barrier pressure tending to increase as BRSAT increases
and decrease as TZPOR increases.

The gas pressures in the disturbed rock zone are controlled by BRSAT
(initial brine saturation) and TZPOR (scale factor used in definition of
transition zone and disturbed rock zone porosity), with gas pressure
tending to increase as BRSAT increases and decrease as TZPOR increases.
The positive effect for BRSAT results because jncreasing BRSAT tends to
increase gas generation and hence increase gas pressure. The negative
effect for TZPOR results because increasing TZPOR tends to increase the
pore volume available for gas storage and hence decrease gas pressure.

The differences between gas barrier pressure and gas pressure are
initially dominated by MBPRES (pressure in anhydrite Marker Bed 139 under
undisturbed conditions) and MBPERM (permeability in anhydrite marker beds
in Salado Formation under undisturbed conditions), with the differences
tending to increase as MBPRES increases and decrease as MBPERM increases.
The early effects of MBPRES and MBPERM results from their corresponding
effects on gas barrier pressure, which completely controls the differences
between gas barrier pressure and gas pressure at early times due to the
small values for gas pressure. With increasing time, MBPRES drops rapidly
in importance. However, MBPERM remains the dominant variable at all times
in determining the difference between gas barrier pressure and gas
pressure, and hence in determining whether or not gas flow takes place from
the disturbed rock zone to the anhydrite marker beds. Increasing BRSAT
(initial brine saturation) tends to decrease the difference between gas
barrier pressure and gas pressure. Intervestingly, increasing BRSAT also
tends to increase both gas barrier pressure and gas pressure; thus, BRSAT
is having a larger absolute effect on gas pressure than on gas barrier

pressure,
4.3.6 Gas and Brine Flow through Shaft Seal

A summary of the results for gas and brine flow through the shaft seal
is given in Figure 4-11. Of the 60 sample elements, 45 result in nonzero
gas flows to the Culebra, with these flows ranging up to approximately 107
m3 over 10,000 yr. As the sensitivity analysis in the lower left frame of
Figure 4-11 shows, gas flow through the seal is dominated by BRSAT (initial
brine saturation), GRCORI (gas-generation rate for corrosion of steel under
inundated conditions), SEALPERM (shaft seal permeability), GRCORH (scale
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4.3 Uncertainty and Sensitivity Analysis Results

factor used in definition of gas-generation rate for corrosion of steel
under inundated conditions), and TZPOR (scale factor used in definition of
transition zone and disturbed rock zone porosity). Increasing each of
BRSAT, GRCORI and GRCORH increases gas generation, and thus increases both
gas pressure in the waste panel and resultant gas flow through the shaft
seal. The positive effect indicated for SEALPERM results from reduced
resistance to gas flow up the shaft. The negative effect indicated for
TZPOR results because Increasing TZPOR increases the pore volume available
for gas storage, with the result that both gas pressure and gas flow up the
shaft is reduced.

A stepwise regression analysis for cumulative gas flow through the
shaft over 10,000 yr is presented in Table 4-8, The cumulative gas flows
used as values for the dependent variable in this regression analysis
appear above 10,000 yr in the upper left frame of Figure 4-11. The
variables BRSAT (initlal brine saturation), GRCORI (gas-generation rate for
corrosion of steel under inundated conditions) and SEALPERM (shaft seal
permeability) appear in the regression analysis with positive regression
coefficients; thus, increasing each of these variables tends to increase
gas release. The positive effects for BRSAT and GRCORI result because
increasing each of these variables tends to increase the total amount of
gas generated In the panel, and the positive effect for SEALPERM results
because increasing SEALPERM reduces to the resistance to gas flow through
the shaft. The variable TZPOR (scale factor used in definition of
transition zone and disturbed rock zone porosity) appears in the regression
analysis with a negative regression coefficient; thus increasing TZPOR
tends to reduce gas flow through the shaft. The negative effect for TZPOR
results because increasing TZPOR tends to increase the pore space available
for gas storage, thereby reducing gas pressure in the waste panel and thus
gas flow up the shaft. Collectively, BRSAT, GRCOR1, SEALPERM and TZPOR can
account for 67% of the uncertainty in cumulative gas flow through the shaft
over 10,000 yr.

Examination of the scatterplots in Figure 4-12 provides additional
perspective on the effects of individual variables identified in the
regression analysis in Table 4-8 for cumulative gas flow through the shaft.
In particular, scatterplots are provided for BRSAT (initial brine
saturation), SEALPERM (shaft seal permeablility) and TZPOR (scale factor
used in definition of transition zone and disturbed rock zone porosity),
with plots using logarithmically-transformed variables appearing in the
left column of Figure 4-12 and plots using rank-transformed variables
apprearing in the right column of Figure 4-12. An interesting pattern
involving BRSAT and SEALPERM appears in Figure 4-12, with the 15 zero gas
flows all associated with the smaller values of BRSAT but a well-defined
relationship existing between SEALPERM and the nonzero gas flows. In
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Table 4-8.  Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas and 8rine
Flow through Shaft Seal over 10,000 yr.

Cumulative Gas Flow (m3) over 10,000 yr Cumulative Brine Flow (m3) over 10,000 yr
Stepd  VarlableP SRCC  R2d Stepa Varlableb SRCC  Rad
1 BRSAT 0.62 0.37 1 BRSAT 0.43 0.16
2 GRCORI 0.35 0.49 2 SEALPERM 0.40 0.32
3 SEALPERM 0.31 0.60
4 TZPOR -0.26 0.67

a Steps In stepwise regression analysis

b variables listed in order of selection in regression analysis

C Standardized regresslon coetticlents In final regression model

d Cumulative R2 value with entry of each variable into regression model

particular, a stronger linear relationship (In rank or log space) exists
between SEALPERM and the nonzero gas flows than exists between BRSAT and
the nonzero gas flows. However, hecause the zero gas flows are assoclated
with the smaller valucs of BRSAT but are spread randomly over the range of
SEALPERM, the regression analysis in Table 4-8 identifies BRSAT as having a
stronger relationship with gas flow than SEALPERM. As the rank scatterplot
for TZPOR shows, pgas flow through the shaft tends to decrcase as TZPOR
increases, although there is considerable variability around this trend,

Cumulative brine flow to the Culebra {is shown In the upper right frame
of Figure 4-11. Orly 16 of the 60 sample elements result in brine flow
through the shaft to the Culebra. Further, the flows that do occur tend to
be small (i.e., < 60 w3 over 10,000 yr). A sensitivity analysis based on
partial rank covrelation cocif{icients for cumulative brine flow to the
Culebra is preseated in the lower right frame of Figure 4-11. Positive
effects are indicated for BRSAT (initial brine saturation), GRCORID (gas-
generatlon rate for corrosion of steel under inundated conditions) and
SEALPERM (shaft seal permeability), The positive effects for BRSAT and
SEALPERM result because increasing BRSAT reduces the amount of additional
brine required to fill the repository and increasing SEALPERM reduces
resistance to brine flow up the shaft. The reason for the selection of
GRCORI 1s not apparent and could be spurious. As a reminder, only 16 of
the 60 sample elements resulted in nonzero brine flows to the Culebra.

This large number of zero values makes it difficult for partial correlation
coefficients to identify the dominant variables and also increases the

likelihood that spurious variables will be selected.  The stepwise
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Chapter 4. Case 3: Permeable Shalt Without Panel Seals

regression analysis in Table 4-8 for cumulative brine flow to the Culebra
over 10% yr indicates positive effects for BRSAT and SEALPERM, but with an
R2 value of only 0.32.

The scatterplots in Figure 4-13 provide more Insight on the variables
controlling brine flow to the Culebra than the partial corrvelation analysis
fn Figure 4-11 or the stepwise repression analysis in Table 4-8. As shown
in these scatterplots, there is a well-defined relationship between brine
flow and SEALPERM (shaft seal permeability), with brine {low tending to
increase as SFALPERM increases. However, as was the case for gas flow,
this relationship {s complicated by the apparent random appearance of zero
brine flows scattered over the range of SEALPERM. As shown by the
scatterplots for BRSAT (initlal brine saturation), these zcero flows tend to
be associated with the smaller values of BRSAT. Also, the scatterplots for
TZPOR (scale factor used In definition of transition zone and disturbed
rock zone porosity) sugpest that there may also be a tendency for zero
brine flows to be associated with larger values for TZPOR.  The association
of zero brine flows with small values of BRSAT results because of both more
volume For storage of hrine [lowing into the waste panel and Increased
consumption of this brine in corrosfon of steel and microbial degradation
of cellulosics. If the association of zero brine flows with the larger
values of TZPOR is real, it probably results because inercasing TZPOR
increases the pore volume in the disturbed rock zoue available for the

storage of brine.

4.4 Discussion

The amount of brine reaching the repository Is not adequate to assure
the consumption of the stecel and cellulosic inventories by corrosion and
microbial degradation. The sensitivity analyses indicate that the dominate
varfable with respect to total steel and cellulosic consumption is initial
brine saturatifon of the waste, with total consunmption showing a tendency to
increase as initial brine saturation increases. o consistency with the
corrosion and microbial depradatfon processes being, brine limited,
varfables affecting the rates of these processes are important for
cumulative pgas production at carly times but are less fmportant for total
gas production over 10,000 yr.  The cellulosice fuventory is more likely to

be completely consumed than the steel fnventory,

For most sample celements, the pas saturation averaged over the entire
repository exceeds 0.9 within a few hundred ycars of repository closure.
Thus, brine saturation s below residual saturation in most of the
repository.  This low bhrine saturation precludes brine flow through the

associated vegions of the repository. As a rvesult, vadionucelldes cannot be
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Chapter 4. Case 3: Permeable Shatt Without Panel Seals

transported out of most of the repository by flowing brine under the
conditions that existed in this analysis.

The short, low permeability seals considered in this analysis did not
offer sufficient resistance to preclude gas and brine flow up the shaft to
the Culebra. Of the 60 sample elements used in this analysis, 45 resulted
in nonzero gas flows to the Culebra and 16 resulted in nonzero brine flows
to the Culebra. The nonzero flows showed a strong tendency to be
associated with the larger values for initial brine saturation in the
waste. However, given that a nonzero flow to the Culebra occurred, fits
size tended to increase as shaft seal permeability increased.

To provide a correction for the competing effects of waste panel
expansion due to gas pressure and waste panel compaction due to overburden
pressure, the initial pore volume of the repository was set to the volume
necessary to contain all potential waste-generated gas at lithostatic
pressure (i.e., 14.8 MPa), As a result, pas pressure in the repository
typically remained below lithostatic pressure, Thus, gas movement up the
shaft is occurring in the presence of an effective bound of 14.8 MPa on gas
pressure in the repository.

There was little gas movement away from the repository in the
anhydrite marker beds, For most sample elements, gas pressure did not rise
to levels necessary to exceed the gas barrier pressures associated with
undisturbed anhydrite.
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5. DISCUSSION

Five primary topics were investigated in this analysis: (1) gas
production due to corrosion, (2) gas production due to microbial
degradation, (3) gas migration into annydrite marker beds in the Salado

Formation, (4) gas migration through a system of shaft seals to the Culebra

Dolomite, and (5) gas migration through a single shaft seal to the Culebra
Dolomite. A summary of the most important variables for each of these
topics is given in Table 5-1.

Table 5-1.  Important Variables Identified in Uncertainty and Sensitivity Analyses for Gas and Brine
Migration

Total Gas Production Due to Corrosion

« Initial brine saturation of waste

«  Stoichlometric factor for corrosion of steel

« Gas generation rate for corrosion of steel under inundated conditions

«  Fraction of total waste volume occupied by IDB metals and glass waste category

Total Gas Production Due to Microbial Degradation

»  Stoichiometric coefficient for microbial degradation of cellulosics
« Gas generation rate due to microbial degradation of cellulosics under inundated conditions
»  Fraction of total waste volume occupied by IDB combustible waste category

Gas Migration into Anhydrite Marker Beds
« Gas barrier pressure, which is defined as a function of anhydrite permeability

Gas Migration through Shaft to Culebra Dolomite for a System of Shaft Seals with Panel Seals and
Disturbed Rock Zone Permeability Sufficiently Low to Prevent Significant Amounts of Gas from
Bypassing Panel Seals (i.e., Case 2)

« Initial brine saturation of waste
« Permeability of seals between waste panels
« Permeability of shaft seals

Gas Migration through Shaft to Culebra Dolomite for a Single Shaft Seal without Panel Seals
(i.e., Case 3)

« Initial brine saturation

« Gas generation rate for corrosion of steel under inundated conditions
« Permeability of shaft seals

« Porosity of distributed rock zone

w



Chapter 5. Discussion

Initial brine saturation in the waste was the most important variable
with respect to total gas production due to corrnsion. For many
observations in the analysis, the consumption of steel by corrosion was
limited by the amount of brine in the repository. As a result, initial
brine saturation often controlled the amount of steel that was consumed by
corrosion and hence the amount of gas produced by corrosion. The
stoichiometric factor for corrosion defined the proportion of two different
corrosion reactions, with each reaction producing a different amount of gas
per mole of steel consumed by corrosion. Factors affecting the rate of gas
generation due to corrosion were important early (i.e., before 3000 yr) but
had less effect on total gas generation over 10,000 yr. For most
observations, gas generation due to corrosion stopped before 10,000 yr due
to either brine depletion or steel depletion, with the result that the rate
of corrosion was not the dominant factor in determining the amount of gas
produced over 10,000 yr. The initial inventory of steel has a positive
effect on the amount of gas produced by corrosion, although this effect is
less than the effects for initial brine saturation, the stoichiometric
factor for corrosion and the gas generation rate due to the relatively small
range of uncertainty assigned to the initial steel inventory. When the
corrosion processes run to completion, the total amount of gas generated is
determined by the stoichiometric factor for corrosion and the initial steel
inventory.

The stoichiometric coefficient was the most important variable with
respect to total gas production due to microbial degradation of cellulosics,
As for gas production due to corrosion, factors affecting the rate of
microbial degradation were important at early times but had less effect on
the total gas production over 10,000 yr. A small positive effect was also
indicated for the initial inventory of cellulosics, with this effect tending
to be obscured by the large uncertainty assigned to the stoichiometric
coefficient. When the microbial degradation processes run to completion,
the total amount of gas generated is determined by the stoichiometric
coefficient and the initial inventory of cellulosics. Overall, the
cellulosics showed a greater tendency to be completely consumed over 10,000
yr than was shown by steel. The amount of gas produced by corrosion tended
to be several times the amount of gas produced by microbial degradation.
This difference between total gas production results in large part from the
stoichiometric coefficient for microbial degradation, which was assigned an

uncertainty range that extends to zero.

Gas migration into the anhydrite marker beds was dominated by the gas
barrier pressure that had to be overcome for gas to move from the disturbed

w
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Chapter 5. Discussion

rock zone to the undisturbed anhydrite. For most sample elements, gas
pressures in the disturbed rock zone never reached levels that were
sufficient to overcome the gas barrier pressure associated with the first
computational cell in the undisturbed anhydrite. For all three cases
considered in this study, the gas barrier pressure was defined as a function
of the permeability of undisturbed anhydrite,

Three analysis cases were considered in this study: (1) Fully
consolidated shaft, (2) System of shaft seals with panel seals, and (3)
Single shaft seal without panel seals. Case 1 does not result in any
meaningful gas or brine movement from the repository to the Culebra Dolomite
and was included in this analysis to facilitate observing the factors
affecting gas and brine migration into the anhydrite marker beds of the
Salado Formation in the presence of an effective shaft seal system. Case 2
provides a more realistic representation of the repository in that the
analysis includes the waste panels, the seals between the waste panels, and
a system of three shaft seals. Case 3 was included in the analysis to
investigate the effect that a single, short, low permeability shaft seal
might have on gas and brine migration to the Culebra Dolomite. To provide a
bounding perspective on the effect of the permeability of this single shaft
seal on gas and brine migration to the Culebra Dolomite, no seals were
assumed to exist between the panels in the repository.

For Case 2, gas migration through the shaft was dominated by initial
brine saturation of the waste, permeability of seals between waste panels,
and permeability of shaft seals. No single variable played a dominant role,
although the strongest effect was due to initial brine saturation. Of the
22 sample elements used in this analysis, 18 resulted in gas migration to
the Culebra Dolomite. 1In contrast, only 4 sample elements resulted in the
movement of brine away from the waste panels.

For Case 3, gas migration through the shaft was dominated by initial
brine saturation of the waste and shaft seal permeability. 1Initial brine
saturation tends to act as a switch, with no gas release to the Culebra
Dolomite often resulting when initial brine saturation is small (i.e.,
< 0.15). However, given that a gas release to the Culebra Dolomite occurs,
the size of this release shows a strong tendency to increase as the shaft
seal permeability increases. A similar pattern involving initial brine
saturation and shaft seal permeability also occurs for the movement of brine
through the shaft to the Culebra Dolomite. Of the 60 sample elements used
in this analysis, 45 resulted in nonzero gas flows to the Culebra and 16
resulted in nonzero brine flows to the Culebra. Thus, the short, low
permeability shaft seal considered in this analysis did not offer sufficient
resistance to preclude gas and brine flow from the repository to the
Culebra.
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University of Minnesota
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John O, Blomeke
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John D. Bredehoeft
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US Geologlcal Survey (M/S 439)
345 Middlefield Road

Menlo Park, CA 94025

Rodney C. Ewing
Department of Ceology
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PLG, Inc.

4590 MacArthur Blvd,
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Newport Beach, CA 92660-2027

Leonard F. Konikow
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Jaremiah O'Driscoll
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Washington, DC 20418
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Department of Geology
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The Ohio State University
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Columbus, OH 43210
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Attn: A. Smith
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Public Works Department
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Attn: W.K. Summers

PO Box 1293
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Attn: B. Ross

1660 L Street NW, Suite 314
Washington, DC 20036
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PO Box 9229
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Attn: K. Coppersmith
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San Francisco, CA 94111
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6850 Austin Center Blvd., Suite 300
Austin, TX 78731
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1T Corporation (2)
Attn: R.F, McKinney
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John Hart and Associates,
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Tacoma, WA 98406

MAC Technical Services Co.
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Attn: C. Mallon
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Washington, DC 20036
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University of California
Mine Engincering Department
Rock Mechanics Engincering
Attn: N. Cook

Berkeley, CA 94720

University of Hawaii at Hilo
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University of New Mexico
Geology Department
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Attn: H. Schreyer

102 Scholes Hall
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University of Wyoming
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Group (PAAG)
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Lucas Heights Research Laboratories
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Menai, NSW 2234

AUSTRALIA
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Waste Management

International Atomic Energy Agency
PO Box 100

A-1400 Vienna, AUSTRIA
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Commission of the European
Communities

200, Rue de la Loi

B-1049 Brussels, BELGIUM
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Organisme Nationale des Déchets
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B-1030 Brussels, BELGIUM
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Jukka-Pekka Salo
Annankatu 42 C
SF-00100 Helsinki Suomi
FINLAND
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Technical Research Centre of Finlar
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Nuclear Energy Laboratory
PO Box 208

SF-02151 Espoo, FINLAND
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Commissariat 4 1'Energie Atomique
Agence Nationale pour la Gestion des
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F-75016 Paris, FRANCE
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S 102 48 Stockholm
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Paul Scherrer Institute
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US Department of Energy
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Eduard Hofer
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Commission of the European
Communities
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Box 5864

S-102 48 Stockholm, SWEDEN
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Royal Institute of Technology
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S$-100 44 Stockholm, SWEDEN

Richard A. Klos
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Nationale Genossenschaft fur die
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F. Van Dorp
Hardstrasse 73
CH-5430 Wettingen, SWITZERLAND

N. A. Chapman

Intera Information Technologies
Park View House

14B Burton Street

Melton Mowbray

Leicestershire LE13 1lAE

UNITED KINGDOM

Daniel A. Galson

Galson Sciences Ltd.
35, Market Place

Oakham

Leicestershire LE1S 6DT
UNITED KINGDOM

David P. Hodgkinson

Intera Information Technolougies
45 Station Road, Chiltern House
Henley-on-Thames

Oxfordshire RGY9 1AT

UNITED KINGDOM
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Brian G.J. Thompson

Department of the Environment: Her
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Room A5.33, Romney House

43 Marsham Street

London SW1P 2PY

UNITED KINGDOM

Intera Information Technologies
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Mail Stop 4-H-3
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Southwest Research Institute
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Heat Transfer

Tel Aviv University
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Ramat Aviv, Tel Aviv 69978

ISRAEL

Ghislain de Marsily (GXG Chairman)
University Pierre et Marie Curie
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Ecole des Mines de Paris
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Peter Grindrod
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Technology
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Harwell Laboratory
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UNITED KINGDOM
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Stanford University
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