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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.
Environmental Protection Agency (i.e., 40 CFR 191, Subpart B; 40 CFR 268). The primary
topics investigated are (1) gas production due to corrosion of steel, (2) gas production due to
microbial degradation of cellulosics, (3) gas migration into anhydrite marker beds in the
Salado Formation, (4) gas migration through a system of shaft seals to overlying strata, and
(5) gas migration through a single shaft seal to overlying strata. Important variables
identified in the analyses include initial brine saturation of the waste, stoichiometric terms
for corrosion of steel and microbial degradation of cellulosics, gas barrier pressure in the
anhydrite marker beds, shaft seal permeability, and panel seal permeability.
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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, 19801 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 EnvironnTental Standards for the Management and Disposal of

Spent Nuclear Fuel, High-f.evel and Transuranic Radioactive Wastes (U.S. EPA,

1985). In support of the developmen[ 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., 19901 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 involves radionuclide

releases due to cuttings removal and transport 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 ,nay 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 l: 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

i0,000 yr. Case l 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,

I-]



Chapter 1. Introduction

depending oll preferred termi1_ol.ogy, omitte.d or assumed to be fully

consolidated. This assumption forces all si.gnificaIlt 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 possible.

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 stepwJse regression analysis

(Ilelton et al., 1991', llelton, 1992).

A prior report describes the three analysis cases in detail and

provides an overview of the manner in which the BRACFLO 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, [991b. 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 possibil_ity of taking place and is

incorporated into a performance assessment through the probabilities for

individual scenarios. Subjective uncertaii_ty refers to the analysts' lack

of knowledge _;ith 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 tile 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 s.tochastic uncertainty. Rather, the uncertainty and

sensitivity analyses are studying the effects of subjective uncertainty.
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2. CASE 1: FULLY CONSOLIDATED SHAFT

2.1 Summary Description*

Case i 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 (MBI39), 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

mode] 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 In 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

Z

I

!

1 Panel ___,_ r

TRI-6342-1476-0

Figure 2-1. Schematic representation of an axisymmetric cylindrical model

(Fig. 2-1, WIPP PA, 1992).
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2.1 Summary Description
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Figure 2-2. Gridding scheme employed with BRAGFLO for the cylindrical

equivalent panel model used for Case 1 (Fig. 2-2, WIPP PA,

1992). Individual computational cells are identified with an

ordered pair (i,j) of integers, where i designates the

horizontal coordinate and j designates the vertical coordinate.
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Chapter 2. Case 1: Fully Consolidated Shaft
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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 Anhydrl.te 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

kin. 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 downwa_:d 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 Culebrars

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-I 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-I 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-i.

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 obtal.ned in this original sample
of size 60 for the 14 variables in Table 2-1.
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Chapter2, Case 1: Fully Consolidated Shaft

Table 2-1. ImpreciselyKnown VariablesUsedin BPAGFLOin the Estimationof the Behaviorof an
UndisturbedWaste Panel.

Variable Definition

BRSAT Initial Iiqutd (brine) saturation of waste (dimensionless). Range: 0 to 2.76 x 10-1.
Median: 1.38x 10-1 Distribution: Uniform0 Additional information: Section3.4.9,
WIPP PA,1991c. Variable 1 inLatinhypercube sample is uniformly distributed on
Interval[0,1] andusedto selectvaluefor BRSATby preprocessorto BRAGFLO.

GRCORH Scale factorusedIn definitionofgas generationratefor corrosionof steelunder
humidconditions(dimensionless).Actualgas generationrate isGRCORH.GRCORI.
Range: 0 to 5 x 10-1. Median: 1 x 10-1, Distribution:Piecewiseuniform. Additional
information:MemofromBrush,July8, 1991,containedin AppendixA,WIPP PA,
1991c;Section3.3.8,WIPP PA,1991c. Variable3 In Latinhypercubesample.

GRCORI Gasgenerationratefor corrosionof steelunderinundatedconditions(mol/m2 surface
area steel,s). Range: 0 to 1.3x 10.8 mol/m2 s. Median: 6.3 x 10-9 tool/m2 s.
Distribution:PiecewIseuniform.Additionalinformation:SameasGRCORH. Variable

4 InLatinhypercubesample.

GRMICH Scalefactorusedindefinitionof gas generationratedue to microbialdegradationof
cellulosicsunderhumidconditions(dimensionless).Actualgasgenerationrateis
GRMICH.GRMICI. Range:0to2 x 10-1. Median: 1 x 10-1. Distribution:Piecewise
uniform. Additionalinformation:Sameas GRCORH. Variable5 inLatinhypercube
sample.

GRMICI Gas generationratedueto microbialdegradationof cellulosicsunderinundated
conditions(mol/kg cellulosics.s). Range: 0 to 1.6x 10.8 mol/kg s. Median:
3.2 x 10.9 mol/kg s. Distribution:Piecewlseuniform. AdditionalInformation:Same
as GRCORH. Variable6 in Latinhypercubesample.

MBPERM Permeability(k) in anhydritemarkerbedsin SaladoFormationunderundisturbed
conditions(m2). Range: 8.5 x 10-21 to 1.8x 10-18 m2. Median: 7.8 x 10.20 m2.
Distribution:Plecewlseuniformwitha 0.8 rankcorrelationwithSALPERM.Additional

information:MemofromBeauheim,June 14, 1991,containedin AppendixA, WIPP
PA, 1991c;Section2.4.5,WIPP PA,1991c. Variable12in Latinhypercubesample.

MBPOR Porosity(_) inanhydritemarkerbedsin SaladoFormationunderundisturbed
conditions(dimensionless).Range: 1 x 10.3 to 3 x 10-2. Median: 1 x 10-2.
Distribution:Piecewlseuniform.AdditionalInformation:Section2.4.7, WIPP PA,
1991c. Variable13 in Latinhypercubesample.
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2,2 SampledVariables

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

Variable Definition

MBPRES Pressure (p) in anhydrlte Marker Bed 139 under undisturbed conditfons (Pa).
Pressures at other elevations In the Salado Formation were varied hydrostatlcally
relative to the sampled value for MBPF}ES. Range: 8.21 x 106 to 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, 1991c. Variable 11 In Latin

hypercube sample.

MBTHPRES Threshold displacement pressure (Pt) in anhydrite marker beds in Salado Formation
(Pa), Range: 3 x 103 to 3 x 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 Pt log (5.6 x 10-7) - 0.346 log
(MBPERM) + (4,MBTHPRES-2).

SALPERM Permeability (k) In halite component of Salado Formation (m2). Range: 2.0 x 10-22 to
1.4 x 10-19 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.

STOICCOR Stolchiometric 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: 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, 1991c. Variable 2 in
Latin hypercube sample.

STOICMIC Stolchiometrlc coefficient for microbial 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-IO;
Section 3.3.9, WIPP PA, 1991c. Variable 9 in Latin hypercube sample.

VMETAL Fraction of total waste volume that is occupied by IDB (Integrated Data Base) metals

and glass waste category (dimensionless). Range: 2.76 x 10-1 to 4.76 x 10-1,
Median: 3.76x 10-1. Distribution: Normal. Additional information: Section3.4.1,

WIPP PA, 1991c. Variable 7 in Latin hypercube sample.

VWOOD 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: Sectlon 3.4.1, WIPP PA, 1991c.

Variable 8 in Latin hypercube sample.
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Chapter 2, Case1: Fully ConsolidatedShaft

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 (stoichlometric _actor 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 pressu_ with no gas-related resistance. Additional discussion

is provided in Section 3.4.8 of WIPP PA, 1991c.

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 st their best-estimate values. These variables

and their values are listed in Tables 3.1-1a 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 SensitivityAnalysis 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 I, 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 Uncertaintyand SensitivityAnalysisResults

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 techniques 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 Figu_'e 2-4 show time-

dependent plots of partial rank correlation coefficients between cumulative

gas production and individual variables from Table 2-i. 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 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 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 i: Fully Consolidated Shaft

Cumulative Gas Production Due to Corrosion of Steel

GAS: HUMID CORROSION GAS: INUNDATED CORROSION
160 _ 160 "! ..... , 't , , ..... ,

_:) 120 _ 120,- z.,..,.

z O(/)
0 100- O 100u) oc

..o § 80
80 - m

60 _ 60
D z-t-.

40 z_ 40

-
20 _ 20

0 0
0,0 1,5 3,0 4,5 6,0 7.5 g.o 0,0 1.5 3,0 4,5 6.0 7.5 90

TIME (103 yr) TIME (103 yr)
TR1.41,342.t _1.0 TRI.41342.1 _4.0

Partial Rank Correlation Coeff'icients for Cumulative Gas Production Due to

Corrosion of Steel

GAS: HUMID CORROSION GAS: INUNDATED CORROSION
1.00 _ _ 1,OO ' ' ' ' ' ! I

1

,,. ...............................g ................
GRCORI

z 0.25 - 0.25

0.00 ! 0,00
a_
n..

8,.-o,2s 8 .o,25

_ -O.75 -0.75

- 1.1_ _.____ -1.00 _

0,0 1.5 3.0 45 6.0 75 9.0 0,0 1,5 3.0 4.5 6.0 75 9.0

TIME (103 yr) TIME 1103yr)
TRI-_MI_.I I101.0 TR141342.1008.0

Figure 2-4. Uncertainty and sensitivity analysis results [_'o1_"gas generation

due to corrosion of steel.
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2,3 Uncertainlyand SensitivityAnalysisResults

As shown by the partial correlation resuIts In the lower right frame of

Figure 2-4, cumulative, gas production due to corrosion under inundated

conditions tends to Increase as GRCORI (gas-generation rate for corrosion of

steel under Inundated conditions), BRSAT (initial brine saturation of waste)

and SALPERM (Salado halite perlneabiiIty) Increase and tends to decrease as

GRCORll (scale factor used in definition of. gas-generation rate for corrosion

of steel under htunid conditlorls) increases. 'Fileposl.tive effects for

GRCORI, BRSAT and SALPERM result because increasing C,RCORI increases the

rate at which gas is generated by corrosion under Inundated conditions and

increaslng BRSAT and SALPFRM increases the anlount of steel that will be

consunled by corrosioll ullder lllulldatedconditions. The iinportance of GRCORI

decreases with time because, altllough GRCORI detel-lnirlestile rate at which

gas Is ge.nerated, i_tdoes not determirle the total ainount of gas that Is

generated. Tile negative effect for (;RCORtl resttlts bec.ause the Increased

consumption of steel and brlne by corrosio_ under huinid eonditl.ons reduces

the anlount of gas that can be prochtc:ed by tile corrosion of steel under
inundated condittolls,

Stepwise regress|on an_tlysts (Heir:on et: al,, 1991; Helton, 1992) call

also be used to analyze the cumulative gas productloll resul, ts shown In

Figure 2-14. As an exalnpl.e, tile two regressioil analyse-s showli tn Table 2-2

are for culnulative gas production ow_r 10,000 yr due to corrosioll under

hunltd alid tnundat:ed colldittolls, respectively. Thus, these two regression

analyses tire for the gas productioli values appearil_g above 10,0OO yr In the

two upper ['Fa,les of Figure 2-4.
I

i These analyses and or:her similar ai_alysvs tl_ this report were performed

with the STEPWISE progi-aln (llnall et al,, 1980). A variable was required to

be sigiiificant at tile 0.02 n-level to erlter a regress|oil Ino{!, 1 alld to remain

slgnlficalit at. the 0.O5 a-level to be cetaiiled In a regression inode, l (Draper
and Snlit:h, 1981), A considt, rable alnouilt of discret::toli was used in the

selection of tile stopping poilits for the individual regression analyses and

took into account behavior of R2-valltes, c_-values, tim PRESS criterion

(Alten, 1.971), seatterplots, and t:lie entry of apparent, ly spurious variables

into the regression nlodel. The allalyses were tried with both raw (i.e,,

untrarlsforlned) data aild rank-trrallsfornled (1mail aiid ']onover, 1979) data. The

regression analyses with ralik-transforined variables _yp|cally yielded

regression models with higher R2 wllues a_ld more reasonoble variabl.e

selections than tile regressiol_ analyses wltll raw data. 1'}_erefore, al. 1 the

regression anal.yses pl:esented in this report were performed with rank-
t:rans fo rnled data.

The regressioli analysis in Table 2-2 for gas productiori ullder hunlld

coridtttons indicates l)oslt:ive effects (i.e,, positive regression

coefficieilt.s) for (;RCORI1 (scale factor used in definition ot7 gas-gene, ratton
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Chapter 2. Case 1: FullyConsolidated 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 Corrosion) (Inundated Corrosion)

Stepa Variable b SRC c R2d Step a Variable b SRC c 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 -0.18 083 4 GRCORI 0.21 0,67

a Steps in stepwlse regression analysis
b Variables listed tn 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 cor'rosion o[ steel m_der I_umtd collcl|tiol_s) and CRCORI (gas-

generatt.orl rate for corrosion of steel under i.rltuldatecl condit|.ons) arid

lmgative effects (i,e, , negative regressl.otl coefficients) f/or SALPERM

(Salado halite permeability) and BRSAT (tn|.tial brLne saturation of waste),

As [tldieated earl. let, the pos|tive effects for CRCORI! and GRCORI result

because the gas-generatiot_ rate for the corrosion of st:eel uncler httmid

conditions i,+ GRCORIt. GRCORI, The negative effects for SAI.PERM and BRSAT

resttlt: from increasing the amoutlt of steel corroded under [nundated

conditLons and thus decreasing t:he amount of steel available for corrosion

under humid cottditlons, The ;;cale factor GR('ORI! |.s t:he most Important

variable and aeeourits for l()_ (L.e., R2 "= 0,70) of the var|ability |.ii gas

generat:ioi_ due to eorrosiotl url¢lel" humid eonditiot_s, Further, CRCOR1,

SAL,PERM and BRSAT collectively account for atl aclctt, tional 13_ of the

vartabtll, ty (L,e., 83_ - 70_ _ 13_),

The regressiort at_alysis it_ Table. 2-2 for gas prociuc:tioti uncter

l.nurtclated coi_dttions indicat:c:s positive effects for BRSAT (initial brine

sat:uratlon of waste), SAI, I_ERM (Salado halite permeability) arid GRCORI (gas-

gerleration rate for corrostoI_ of st:.eel uncter |ntllldated cortdi, t:torts) and a

negative effect for CRCORt{ (scale fact:or used t_tl deft l_it_iott of gas-

gerie.ratl.on rate for corrosiot_ of steel under llumid conditiotts), These.

effects result because increasing BRSAT and SALPI,_RM Increases the amount of

steel exposed to corrosion under tnur_¢lated conditions, increasing GRCORI

increases the gas-generation rate under tnundatect conditions, arid

increasing GRCORH decreases t.he amount of steel available for corrosion

uttder t.ntmdated condLttons, Ttie. scale factor CRCOR}t Ls the most important

variable and accounts for 40g of the var[abilLty tn gas generation due to
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2.3 Uncertaintyand SensitivityAnalysisResults

corrosion under inundated conditions. Further, BRSAT, SALPERM and CRCORI

collectively account for an additional 27_ of the variability.

The variables CRCORI (gas-getleration rate for corrosion of steel under

inundated conditions) and GRCORII (scale factor used [n definition of gas-

generation rate for corrosio_ of steel under Immld conditions) are used in

the product CRCOR}I.CRCORI to define the gas-generation rate for the

corrosion of steel under humid conditions. As a result, CRCORH.GRCORI is a

natural candidate variable for Inclusion in a stepwise regression analysis

for gas production due to corrosion under huxnid conditions. As shown in

Table 2-3, this inclusion results ttl GRCORtI.GRCORI being the first variable

selected in a stepwise regression analysis for total gas production over

10,000 yr due to corrosion I_nder humid condtt:ions, witl_ 77_ of the

variability being accounted for. For comparisoll, the regression results

SUlXlll|arizod ltl Table 2-2 tlldicate that GRCORtl by itself can accot.lt [or 70_

of the variability and that (;RCORIt and CRCORt together can account for 76t

of the variability. As the stepwise regression analysis presented in

Table 2-3 continues, CRCOR1 ix 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 conditiolls, GRCOR[ now has a negative rather than a

positive regression coefficiezlt; also, the regression coefficient for

Table 2-3, Stepwtse Regression Models with Rank-Transformed Data for Cumulative Gas Production

over 10,000 yr Due to Corrosion under Humid Conditlonr. Four regression models were

constructed; standardized regression coefficients and R 2 values are given for each of
these models,

Model 1: Model 2: Model 3: Model 4:
Variable a SRC b 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 ....... O,14

R 2 Value c 0.77 0,83 0,86 0,88

aVarlables selected In regression models.

bStandardlzed regression coefficients for variables In model, Model I designates the tth model

constructed In the stepwlse regression analysis for I= 1,2,3,4 (l,e,, the model constructed at step i),

CR2 value for regression model.
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Chapter2. Case 1: Fully Consolidated Shaft

GRCORH.GRCORI jumps from 0.89 to 1.02. This behavior restilts from the fact

that GRCORH.GRCORI ancl 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 arlalysis presented in Table 2-3, The final

rugression models preserited in Tables 2-2 and 2-3 Involve the sanle

underlying variables (i.e. , CRCORH, GRCORI, SALPERM, BRSAT) and can account

for 83% and 88%, respectively, of the gas production under humid

conditions. Thus, inclusion of GRCORH.GRCORI in the analysis results in a

regression model that can account for somewhat more of the variability in

gas production; at the same time, the interpretat:ion of the anal.ysis is

made more difficult by the resultant instability In the regression

coefficients for GRCORII.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 Ga,,;Generation Due to Microbial Degradation

A summary of the analysis results for gas gerleration due to ll,lcroblal

degradation is given in Figure 2-5. The upper two frames irl Figure 2-5

show cumulative gas generatiorl due to mic_roblal degr.'.idation under |lumid arid

intlndated conditlorls, respectively. As comparison witil the correspondiilg

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 presellC sensitivity analysis

restilts based on partial rallk col:relation coeffic, ie.lltsas in Figure 2-4.

For cumulative gas production under humid conditiolis, increasing each of

STOICMIC (stoichiometric coefficient for inicrobial degradation of

cellulosics), GRMICH (scale factor used in definitiorl of gas-generation

rate due to microbial degradation of cellulosics urlder hulnid conditions)

and GRMICI (gas-generation rate due to microbial degradation of cellulosics

urlder inundated conditions) increases gas production and increasirlg BRSAT

(initial brine saturation) decreases gas production. Increasing STOICMIC

increases the amount of gas produced per unit of cellulose consumed while

increasi.ng 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

consuuled under inundated corlditions. The ilnportance of GP,MICI decreases

over time as the inventory is depleted. For cumulative gas production

under inundated conditions, increasing each of STOICMIC, BRSAT, GRMICI arid

SALPERM (Salado halite permeability) increases gas production. The

positive effects for BRSAT and SALPERM result from increasing the amount of

cellulosics that will be consulned under inundated conditions.
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2.3 Uncertainty and SensitMty Analysis Results

Cumulative Gas Production Due to Microbial Degradation of Cellulosics
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Figure 2-5. Uncertainty and sensitivity analysis results for gas generation

due to microbial degradation of cellulosics under hLunid and
inundated conditions.
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Chapter 2. Case 1: Fully Consolidated Shaft

The two regression analyses in Table 2-4 are _or cumulative gas

production over i0,000 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 i0,000 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 819 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 719 of the

observed variability in gas production, with gas production tending to

increase as each of these variables increases. _len 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, 819 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 Total 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 Uncertaintyand SensitivityAnalysisResults

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 a Variable b SRC c R2d Stepa Variable b SRC c R2d

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 0,15 0.81

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 R 2 value with entry of each variable 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 I0,000 yr due to corrosion and microbial degradation,

respectively. Thus, these two regression analyses are for the gas

production 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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Chapter 2, Case 1' Fully Consolidated Shaft

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
cellulosics 0
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2,3 Uncertainty and SensitivityAnalysisResults

Table 2-5. Stepwlse Regression Analysis with Rank-Transformed Data for Total Gas Production Due

to Corrosion and Total Gas Generation Due to Microbial Degradation,

Total Gas Productlor_ over 10,000 yr Tolal Gas Production over 10,000 yr
(Corrosion) (Microbial Degradation)

Step a Variable b SRC c R2d Stepa Variable b SRC c R2d

1 STOICCOR -0.48 0.21 1 STOICMIC 0.89 0.79
2 BRSAT 0,43 0,38 2 VWOOD O.17 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

a Steps In stepwlse regression analysis
b Variables listed tn order of selection In regression analysis

c Standardized regression coefficients in final regression model
d Cumulative R 2 value with entry of each variable Into regression model

steel), BRSAT (initial brille saturatiol_), CRCOI_,] (gas-gelmratIoti rate for

corroslozl of steel uilder tlntlMated coz_dttiotls), VM!!','I'AI. (fraction of total

waste volume t:llat is occupied by ll)B metals aim glass waste category) and

MBPRI'_S (pressure J I, Marker Bed 139 uIMer utldtsturbed cotldtttons), with

STO1CCOR liavlllg a I_egat:ive _,ffect oil gas pro(l_lctioll _lnd I_;RSA'I', CRCORI,

VMETA[. ;llid MgRl'l':S llaviily posit ivy., (,flec'ts oil gas procluctIoil, llowew:_r, the

rt.,_,;o]ttt loll ill Ill(, rp_T,ress[()l| iiio(l(!] is low, wi tll a] ] live v;ll'i;l])]es

accouiltillp for oilly 58, of t:ll_, variability il_ pas product ioil due to

coi-rosiol_. 'l'llis low re.,-;olut loll pl'ob_l_ly I-_,:;ults fl'o,i lioi.'-;e [i_troduced into

tl_e _ll_alysis I_y sample (,l_:,melits il_ WlliCil tile e()l'lTosioli pFocess stops [11

ilidividmil colllput,:lt:ioll;l] <'ells I_elore 10,0()() yr due to t.lle depict:loll of

'['o provide addit:Lolial i.lislgllt, Figure 2-7 presellts selected

scatt:erplots displaying tile rel.atiol_slltps betweeii individual sampl_ed

varinl>les and total gas productloli over 10,OOO yr due to corrosion. As

examinat.io_ of the upi_er t:wo fl-ame.q sl_ows, gas production tends to decrease

as STOICCOR (stoiclliomet:ric factor t.or corrosioi_ of steel) increases arid

tends to tllcre;tse as BRSAT (i_lJtt.al bri_m saturatiort) increases, ltowever,

tl_ere is a large a,,ou_lt: of variability arouild tilese treiMs. These patterns

are col_sist-el_t witl_ tl_e sigl_.,_ of t:l_e re.gressiorl eoe. fficients and low R 2

values in Table 2-5. 'l't_e scatt.erplots for STOICCOR and BRSAT are

particularly diffuse due t:o t:l_, almost randolll appeara_ee of gas-production

wtlues of less t:hali 6 x 1() 7 in3 over tlleir ratlges. As examination of the

scatt:erplot for CRCORI (gas-gel_eraLioil rate for corrosion of steel under

inundated col_ditiol_s) ill tile lower left frame of F'igure 2-7 shows, tllese
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Chapter2. Case1: FullyConsolidatedShaft

small gas production values tez_d to be associated wlth small values of

GRCORI. Total gas productioi_ increases almost llnearly with CRCORI until a

value of 2 × tO "9 mol/m2s is reached, after wlllch tlmre appears to be no

rel.ationship between GRCORI and total gas production|. The scatterplot for

SALPERM (Salado halite permeability) in the lower right frame of Flgure 2-7

shows an interesting pattertl, with there being wide variability in the

total, gas production associated wir.h values of SA|,PERM less than 1.5 x

10-20 m2 and a substantially l:'educedamount of variabillty for values of

SALPERM greater than 1.5 x 10.20 m2, The superposltlon of the effects of

CRCORI and SALPERM oll tileeffects of STOICCOR and BRSAT results In a

patterll of relationsllips t:llat ca_lnot be east].y captured by a slmpl.e

regress ion model.

The regression analysis in Tal0le 2-5 for gas product:ion due to

microbial degradation is considerably ,lore successful in accounting ["or the

observed w._rtabiltty in gas procltlctio_l than is the corresponding regression

analysis for gas production cltle to corrosion, In particular, STOICMIC

(stoichiometric coefficient for microbial degradation of cel. lulosics) was

found to account for 79g of the observed variability aI_d small additional.

effects were indicated for VWOOD (fraction of total waste volume occupied

by 1DB combustible waste category) az_d GI_MI(',I (gas-generation rate due to

microbial degradation of cellulosics rudder inundated conditions). The

regression model with STOICMIlC, VWOOD alld GRMICI was able to account for

84_ of the wtrtability in gas production due to microbial degradation of
cellulosics.

The cumulative gas product toll due to corrosioll arid to microbial

degradation can be combined to produce total gas prodttct:ton, as shown I.n

t:lle upper frame of Figure 2-8. Most s_lml_le el. umuzlts resttl, t in a total gas

production over 10,000 yr betweell 5 × 107 ,iol and 1.2 x 108 tool.. Also,

most sample elements ,_llow a period ot7 rapid g_Js productio_ In the first few

thousand years, with considerably reduced rates of gas production at: later

times, As e×amination of tl_e two upper frames in Figure 2-9 shows, the

irlventory of steel, alld cell_ulosics Is ofte1_ exhausted or significantly

depleted aftel: the first few tl_ousarv.t years,

The lower frame in Figure 2-8 presents sensi, tivity analysis results

based on partial rank correl.ation coefficients. At: early times, total gas

productiot_ is dominated by CRCORI (gas-generation rate for corrosion of

steel trader inundated conditions), CRCORH (scale factor used in definition

of gas-generation rate for corrosio_l of steel under humid cot_ditions),

GRMIC1 (gas-generation rate for microbial degradation of cellulosics under
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2,3 Uncertainty and Sensitivity Analysis Results
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Figure 2-7. Scatterplots relating cumulative gas production over i0,000 yr

due to corrosion to STOICCOR (stoichiometric factor for

corrosion of steel), BRSAT (initial brine saturation), GRCORI

(gas generation rate due to corrosion of steel under inundated

conditions) arid SALPERM (Salado hall te permeabi]_ity).
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Cumulative Gas Production
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Figure 2-8. Uncertainty and sensitivity analysis results for total gas

production (i.e., both corrosion of steel and mlcroblal

degradation of cellulostcs).
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Steel and Ce]lulosLc Inventories
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Figure 2-9, Uncertainty and sensitivity analysis results for steel and

cellulosic inventories in waste panel.
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inundated conditions) and BRSAT (initial brine saturation), with total gas

generation tending to increase: as each of these variables increases, As

time increases, GRMICI, GRCOR;I arm GRCORI become less important. In

contrast, STOICMIC (stoichlometric coefficient for microbial degradation of

cellulosics) and STOICCOR (stolchiometrlc [actor for corrosion of steel)

are unimportant at early times but are the dominant variables influenclng

gas production at later times, with gas production tending to increase as

STOICMIC increases and tending to decrease as STOICCOR increases,

The regression analysis In 'table 2-6 is for cumulative gas production

over i0,000 yr due to both corrosion and microbial degradation, The first

variable selected in the analysis is STOICMIC (stoichiometric coefficient

for microbial degradation of. cellulosics), which has a positive regression

coefficient and can account for 27_ of the variability itl 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 2-6 and Table 2-5. The next variable selected in the

regression analysis is STOiCCOR (stoichiometrlc factor for corrosion of

steel), with gas production tending to decrease as STOICOR increases. The

selection of STOICMIC arld STOICCOR as the first two variables in the

stepwlse regression analysis is collsistent 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-generatlon rate for corrosion of steel under itlundated

conditions) and BRSAT (initial britm saturatLoI_), The positive regression

coefficients for (]RCORI a11clBRSA'I'avid the negative regression coefficient

for STO1CCOR are cov_stst:ent with the effects of these variables on gas

generation due to corrosioll already seeu in Figures 2-6 and 2-/ and Table

2-2. Collectively, STOICMiC, STOICCOR, BRSAT ariel GRCORI can account for

59_ of the variability in total gas productio1_ over 10,000 yr. As shown by

the scatterplots in Figure 2-10, no single variable identified in the

regression m_alysts in Table 2-6 (i.e., STO1CMIC, STO1CCOR, BRSAT and

GRCORI) plays a dominant role tn the determination of cumulative gas

production over 10,O00 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 Lnvetltories associat:ed with the

individual sample elements, "l't_e lower two frames present sensitivity

analyses based on partial rank correlation coefficients. The steel.

inventory is Initlally doinlnated by VMETAI. (fraction of total waste volume

occupied by IDB metals and glass category), with the importance of this

variable decreasing with time. The variables GRCORI (gas-generation rate

for corrosion of steel under inundated cotldit:lons), GRCORI! (scale factor
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Figure 2-10. Scatterplots relating cumulative gas production over i0,000 yr
due to both corrosion and microbial degradat[o1_ to STOICMIC

(stolchlometrlc coefficient for microbial degradation of

cel]ulosics), GRCORI (gas-generation rate due to corrosion of

steel under Inundated conditions), BRSAT (initial brine

saturation) at_d STOICCOR (stoichiometrlc factor for corrosion

of steel),
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Table 2-6. Stepwlse 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 Variable b SRCc R2d

1 STOICMIC 0.51 027
2 STOICCOR -0,35 0.38
3 BRSAT 0.34 049
4 GRCORI 0.33 0.59

+a steps In stepwlse 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

used ill de[lzzltiolz of &!,zis-_;c,iii, r_zt:[uil v:nt_, for ¢'c>v'ro:llozz ot _t¢,c,] urtch++r

humt d roilcil t|onH) nvlcl I_R+'.;KI'( l i_l t i +=1 l_r Ill,+, +,++ituv+lt lot_) Imw+, t|¢+_IL [ Vi,

_.f[oct.s oil t:h¢. st¢_t,_| ltlvt, tltorv+ A.,i witll VHi';TAI,, tlt,, lml_tll+t+itlc.e of (;R(;ORI

and GRC:ORtl t:ell¢l_ to ch,crc_;iH,, wltll t lmt,; Ill ('(Jiltrdl;.;t, tile lmportniw¢; ot

BRSAT r,,mnlvln tel;it lvelv t lxvcl, 'l'tle Ii("_!,dlt IVI' r,,l_lt lotlslllllS llivolvllly

(.;RC;OR], GRCC:)t411.vial I_RfiA'I' r_,s_ilt from tlleir ¢,llects ill txlc'r¢,._[l_t, the r_itc,

ut rorroH[otl, 'l'llt, c¢,]ltiloslc tl_V,,lltovy is lvlitiallv dcmltii, t¢,d by VWCiCi[)

(fl"+,c'ttorl of total| w+l_tc, volum¢, flint Is occut_led t_5' ll)t_ cc_mhustil_le wdt.,Iti_

c+aLi_¢il+y), wlt|i t|l_, llnport_ilW_:, of till+.+ v.rl.l_le clt,crc, a:+iily r_pldly wltll

t. tlne, "]'lie vax'tabli_ (',RHI(:I (+_,+i.,+-/t_,i,li+,+;i+dit|(ill rate due to mlcrobl+il

dt,_raciat+iovl of celluloslt'm tui¢It, r lilulld+it_t+d cotldltloli_) .,+l+owma mti-olq_;

n¢:_+ittve effect oil ¢+_llulu+lc iilvelitory duc, to It.,-+ t,[l+c, ct Itl iticl:eamlti+; t+lle

I:+IL+ +it+ v+iilc+ll cel lttlomlc.'+ +,v'o r¢)li,_+tillit+¢l. 'l'ilv po._Itlvt, el+ft+t!t lvidlcat, c+d f'or

STOIC;HIC (_t+oichiomc, trtc ¢:clt+f+fictt+tit for microbi.l dt,++i++ict.tt¢>n of

c.ellulc+slc:+) probal+ly re,,+ult+m ht,c+itts¢+ liw. re+i_t+cl ,.,.lut+._+ for STC)IC:HId lt++id t¢_

inc:reasmd l'+ites of +_+I_ y+,c+tic+rdlt+Loil, whlc:l_ It+ t.tll'll l_,+_cl to llumld c_otictlt lout

ntid thus lower rntes of mtc'+rohl+it cte+;ractatloti of + ¢'c+llt+tlosic.m,

2.3,4 Gas Saturation and Pressure In Waste Panel

Tlme+-deponClOllt valuc,_ 1o1" .ver_,,i, y.a_ s,'lttir.tlull Ill tilt, waste (i,_,,,

averap_.,ed ovc+,r orit+it-c + wa.,+tt: l+.x_t,l) +filet l_+i<; i_rc, s_tirc, itl tl_t, w._t.u .l_,+

pi:oso+rited Ivi flit+, two ul+pt+r fr+inm,+_ o1 l,'il;urt+ _-ll, As :.;l+owil ill tli¢+ ttpl+er

loft; tTratne, tL+ls sditttt?at[oil oftt+li dc+ci+o+is¢,.,-itll tile, first: Olit, t.tious+iiid .yc:+ir:-i

+'-ilid t:|ic:l_ ,_,t.ctidl|y liici'¢,+a+t,s to +iii tiSyllit+i:ol.u, Tiil_ t_t+li+ivl(li + li+il,llli, li.<.itl(+t+,+iti+(+
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Chapter2. Case1: FullyConsolidatedShaft

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 Figure 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 coefficients for gas saturation In

the lower left frame of Figure 2-ii show, increasing GRCORI (gas-generation

rate for corrosion of steel under inundated condJtions) tezlds to increase

gas saturation and increasing e.ach of BRSAT (initial brilm saturation) and

SALPERM (Salado halite permeabllit:y) tends to decrease gas saturation, with

these effects resulting because Increasing GRCORI increas,,s the amount of

gas in the panel and t ncreast1_g each of BRSAT and SALPERM illcreases the

amourlt of brttle in the parlel. The dotal,rant, effect ot: BRSA'I" a11d SALPERM on

net brine flow Into t:lle waste panel is indicated by the partial correlation

coefficients shown tn tile 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 nlol_otonic Increase in pressure, (2) a monotonic increase ill

pressure until an asymptot:e is reached, and (3) a monotonic Increase in

pressure until a ,naximum is reached and then a molmt;ollic decrease in

pressure. Tile 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 o[ Figure- 2-11

indicate that GRCOR1 (gas-generation rate for corrosion of steel under

inundated conditions), GRMIC1 (gas-generatlon rate due to microbial

degradation of cellulosics under inundated conditions), BRSAT (initial

brine saturation of waste) and SALPERM (Salado halite permeability) have

positive effects on gas pressure at:. early times, ltowever, the importance

of these variables decreases with time, and no single variable appears to

have a large effect: on the gas pressure at: 1.O,000 yr. A stepwise

regression a11alysis 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: lO,OO0 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, ttowever,

possibIe interaction of gas gel_eration and panel closure was incorporated
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2,3 Uncertainty and Sensitivity Analysis Results

Total and Net Brine Inflow to Waste Panel
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Figure 2-12. Uncertainty aild sez_sitivi, ty analysis results for total and net

brine inflow to waste pane].
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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 necessdry co 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 i, 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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23 Uncertainty and Sensitivity Analysis Results

Total Pore Volume in Waste Panel
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Figure 2-13. Uncertainty and sensitivity a_lalysJs results for total pore

volume in waste panel.
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Chapter 2. Case I Fully Consolidated Shaft
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Figure 2-14, Unc_ert;ii_ty a_d ,qu_sit:i,;it.y a_alysis r_,su]ts for ?,#is [__I'()SSUI'O.

in colnpttt;_tio_lnl cull o[ dist:urbed rock ;'.o_e a(l.jac'e_L to
Anl_ydrite l,;tyers A a_M t_, (i,e., C(_11 (1(),.')) a_d 5as barrier
pressure i_l _:_d.jucet_t compt_tat:io_lal cell cont:ai_ing undisLurbed
a_flLydrit:e i_) A_fl_ydrit. e l.ayc, rs A a_d B (i.e., Cell (11,5)).
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2,3 Uncertainty and SensitivityAnalysisResults

Cell (II,5) often exceeds the gas pressure in Computational Cell (I0,5),

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 is greater than the corresponding scale on the upper

left frame by a factor of I0).

The partial rank correlation results in the lower right frame of

Figure 2-14 indicate that the gas barrier pressure in Computational Cell

(ii,5) is dominated by MBTHPRES (threshold dlsplacement pressure in

anhydrlte marker beds in Salado Formation), with smaller effects for GRCORI

(gas-generation rate for corrosion of steel under inundated conditions) and

MB'PRES (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 (110,15) 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

(1.0,5) tends to increase as SALPERM (Salado halite permeability) and CRCORI

(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 nonzero gas pressures at different times, partial

correlation coefficients are not a particularly revealing analysis tool for

the study of gas pressure in Computational Cell (iO,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 I0,000 yr. All sample elements for which no

gas reaches Computational Cell (10,5) have a value of SALPERM that is less

than 1 x 10 .20 m2. 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 10 -20 m2, a negative relationship exists between SALPERM

and gas pressure in Computational Cell (I0,5), 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 I0 • SALPERM and lO • MBPERM). Fucther, halite

permeability (SALPERM) and anhydrite permeability (MBPERM) were sampled
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Figure 2-15. Scatterplot for gas pressure In Computational Cell. (10,5)

versus SALPERM (Salado halite permeability).
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24 Discussion

with a rank correlattot_ of 0.8. gllerl SAT,I'F,I{M is small (l.e., < 1 x 10-20

m2), the resistance to gas ai_d brine flow ill t.he disturbed rock zone Is

increased, wlt:h tile result t:hat: gas ts less likely t:o reach Comput:atiorlal

Cell (10,5) than when SALPERM has larger values. As shown Jn Figure 2-2, a

layer of halite separates Coinput:ational Cell (10,5) from t:he repository,

with tile result that SALPERM is more import:ant than MBPERM in deterinining

whether or not gas reaches Computational Cell (10,5), As SALPERM increases

above 1 x 10 "21 m2, brine begins to flow out of Computational Cell (10,5),

with brine out:flow increasing and brine pressure decreasing with increasing

values for SALPERM. As a consequence of this tendeimy for brine presstires

in Computational Cell (1.0,5) to decrease as brine flows out for values of

SAI,PERM above I x 10 "21 m2, the pressures for the tnfl.owit_g gas will also

decrease, which is the pattern shown in Figure 2-15.

A more direct comparison of gas pressure alld gas barrier pressure can

be. made by plotting the differelme betweetl gas barrier pressure itl

Counputatlonal Cel. 1 (11,5) and gas pressure t l_ Computational Cell (1.0,5) as

shown in t:he upper left; frame of Figure 2-16. A positive difference

ilidicates that the gas barrier pressure exce.eds tile gas pressure and thus

t:hat gas flow will not take place into undisturbed regio_ls in anhydrites A

alld B. Further, the. nnagnttude of this difference slmws the amount of

additional pressure rise that is needed to i1_tttate gas flow tnto

undisturbed regions in Anhydrtte Layers A axld B. The partial rank

correlation results in the lower left frame of Figure 2-16 indicate that

MBTHPRES (threshold displacement pressure in anhydrlte marker beds in

Salado Formation) Ix the xnost important variable In determining the

difference between gas barrier pressure and gas pressure in Computational

Ceils (11.,5) and (10,5), with smaller effects Indicated for GRCORI (gas-

generation rate for corrosion of steel under inundated coziditions) and

MBPRES (pressure ixl Marker Bed 139 under undisturbed conditions). The two

right frames in Figure 2-[6 present similar results for the difference

between the gas barrier pressure in CoxnputationaI Cell (11,5) and khe gas

pressure in the waste,, panel itself. Again, this difference is dominated by

MBTIIPRES, with smaller effects indicated for several additional variables.

2.4 Discussion

The primary purpose of the azmlyses presented i._ tlli.s chapter was to

evaluate the factors I nflueiicing gas migration away from the repository,

Little gas migration was observed. Of the 60 sample elements used i_l the

analysis, only 7 resulted ill gas migrati.on into both Anhydrite Layers A and

B and Marker Bed 139, and an additional 6 resulted in gas migration into

Anhydrite Layers A and g but not Marker Bed 139; the remaining sample

elements resulted in no gas migration Into the anhydrite marker beds. The
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Differences between Gas Barrier Pressure and Gas Pressure
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Figure 2-16. Uncerta[nty and sensitivity analysis results for differences

between gas barrier pressure in Computational Cell (11,5) and

gas pressure in Computational Cell (10,5) and the waste panel,

respectively.
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24 Discussion

dominant variable in determining whetl)er oi" not gas mlgrallon into the

anhydrite marker beds occurs Is the threshold displacement pressure, For

most: sample elements, gas pressures in the waste panel and the surroundirtg

disturbed rock zone never reached values that exce.ded t|m gas barrier

pressure (i.e,, brine pressure plus threshold dtspiacemenlt pressure t f gas

saturation Is below residual, at_d gas pressure l t- gas sattirat, lon is above

residual) for undisturbed atfllydrlt:e., wlt:h the re.,_ult that waste-generated

gas could not: overcome the resistance to et_t:ry tt_to tl_e atfl_ydrite marker

beds,

For 31 of the 60 sample elemetits, tm ga:_ reac:lled t;l_e boundary bc, tween

the disturbed rock zotle and htdlydrlt:e Layers h atl¢l B, The sa.lple ele.lettts

for wllich no gas reached this bounclary wet't_ strot_gly associated with small

values for hal Ite perlneal_t 1 t ty. l'hts pat t err1 orrltrred because small values

for hal ite I)ermeabt 1 ity resulted tll 1 tttle brllw outt low [rOlli the disturbed

,rock zone, with tile result tllat brine pressures Ill tile cllst:urbed rock zone

were suf'ftctetltly high to prevet_t the inflow of gas.

Gas pressures tn the waste panel typically remaivled below the assumed

lithostattc pressure of 14.8 MPa. The role of lltl_ost:atlr pressure as all

approximate bound oil wast;e-panel gas pressure resttlt.ed frol, an adjust:merit

to was te ,,pane l pore volullle that was Illade to illCOl'l)orate tile COlllpetlllg

effects of pore-volume, expansion due to waste-gelleratecl gas and pore-volu.|e

reduction due t:o waste compac:ttoIl.

Most of the;steel and cellulosic itwet_t;ories were cov_sumed over the

]O,O00-yr period under consideration. 'rii(ts, althougl_ paralnet(;rs relate(I to

rates of corrosion and microbial ciegradatloti aifect the. time at which gas

is generated, they did not have a Largo effect or+ tl+e tot.1 amotmt+ of: gas

generated, Under the assu.lptic_ns of + tills atlalysts, tile t()tal alllOUnt o[

waste-generated gas is deter.lifted by the steel a_d cellulosic inventories,

the stoichiometric terms, at_d the amount: of aw_tlal)le t)rl_e, Gas

production due to corrosion was approximately twice tl_e gas production due

to microbial degradatiot_ of cellulosics, ltowever, it sl_ould be reco_.nlzed

that this comparison results from asstunptiot_s about stolchlometry at_(ithe

steel arid cellulosLc inventories rather than from a mecl_anlstic, modeling of

the underlying chemi.cal and blologlcal processes.

Brine saturatiott drops below resictual brine saturation in many

computational ce]ls associate(i with t|le waste panel, with tile result that

no brine flow can occur through these cells. This deple. Lion of! brine in

the presence of gas generation is potentially importallt witl_ respect to

radionuclide t:ransport away from the repository, If brine cannot flow

through parts of a waste panel, then the associated racllonuclides arc; not

available for transport.
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Uncertaivlty and sensltlvlty analysis tc,cht_lque,._o! II_, type employed

t.tl this study provide a powerf.i tool for model vertftcatlovl l)ue to t:he

concurrent variation of inatly ittput variables, the o|_port:tntltty to examine a

variety of predicted variables arid the. capability to identify t:he effects

of many input variables for each predicted variable, greater assurance with

respect to the correct operatiow of a model can be obtaiwed that_ results

from simply examining a few selected calculations, The analysis for Case 1

employed the same formulation of BRAGFLO that was tlsed in the lOOl WIPP

porforlnance assessment:, The extensive atlalyses performed for Case I clid

not reveal any errors in the lmplemerttatiow of I;RAGFI.O, wl_lc.h helps provLde

assurance that the BRAGFLO co.lponetlt of the 1091 WIPI' performatlce

assessment was Implemented correctly.
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3. CASE 2: PERMEABLESHAFT WITH PANEL SEALS

3.1 Summary Description*

Unlike the single isolatecl waste panel of Case l, the entLre repository

Is modeled .it; Case 2, Further, Case 2 explicitly incorporates the

repository shafts anct uses a more detailed characterization of the waste anti

Its surroundings by represent itlg the repository as a sequence of waste,

panel veal, backfill and shaft regions through which gas and brine flow can

occur in both the vertical and horizotltal (i.e., north-south) directions.

As showll in Figure 3-1, the computational implementation of Case 2 with

BRAC';FI.O is based on a rectatlt, ular grid aligned north-south through the

repostt_ory. Tilts grid is a simplification of the three-dimensional

structure of the rel)ository and involves several assumptlc_s. 'l't_e storage

regions (i.e., waste panels) of the repository are grouped into the

following three blocks oil ttle basis of number of drift slid panel seals

between the wast:c; slid tile vicar,st shaft:: Waste Block A, wltic:h corresponds

to the single, waste paxml that is separated from the waste: and exhaust

shafts by two sets of panel seals (l.e, Lhe Northern Patrol in Figure 2-3),

Waste Block B, which corresponds to the five waste pai_els separated frolXl the

waste and exhaust shafts by three sets of paxml seals (t.e., Panels l, 2, 1

and 8 and tile SoutllerTi Panel in Figure 2-3), and Waste BLock C, which

corresponds to the fo_lr waste patrols separateci from the _'aste and exhaust:

shafts by four st:is of panel seals (t,e., Pallels 3, to, 5 an_d 6 In Figure

2-3), Each waste block colltains the storage volume of the correspondLng

waste panels and drifts, The four shafts are combinecl into a single shaft

at: the location of t:he Waste Shaft:, which Ls the shaft nearest tile waste-

disposal panels (Figure 2-3), anti this single shaft is subdivided vertl.cally

into four segxnent:s, Stratlgraphtc layers are assumed to be parallel and

horizontal, 'rile markc:r beds wit;htn the Salado Formation are actually

slightly undulatory, witti a clip of less t:tmn 1 ° to the southeast; at the

WIPP, Because the repository is betxlg excavated at a coxlst:al_t stratigraphlt'

horizon rather than at a cotmtal_t elevation, tills dip results in a drop in

floor elevation of about ] nn bet:weet_ tile Waste Sl_aft axed ttle Southerr_ Panel,

The computational grtddlllg for BRAC;FLO does not illclude t:his change tn

elevatLotl,

The computational grid shown ivi Figure 3-1 extends vertically 645 m

from the bottom of the Salacto Format:iorl t.o the top of" the Culebra Dolomite

Member of the Rustler Formation and extends horl.zontally for approxtnlately

29 kin, Strattgraphic units Included tll the grid are tile intact: halite of

*Adapted froln Section 2,3 of WIPP PA, 1992.
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Chapter 3 Case 2: Permeable Shaft wilh Panel Seals

l,'tSure 3-1, GI'LdclI_,_ ncl_c:ln(_ (,HIl)|oy(;d with BRA_;F'I,O for t.l_v tswo-(lllllc;rlsJ()ll_tl
v(_rtlc:al c:r(_nn-svc:t_l._l ix,otto:| of the it, ll z'(:t)o_it:ory usc:(l for
(:a._e 2,
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3.1 SummaryDescription

the Salado Formation, Marker Bed 139, Anhydrlte l,ayer_ A and B, which are

represented as a single anhydrlte layer, and the lower untlamed tnember of

the Rustier Formation avid the Culebra Dolomite, which are represented as a

single layer, The computational grid also Includes a disturbed rock zone,

which extends vertically arotmcl the repository avid Inclttde:_ parts of Marker

Bed 139 and AnhydrLte Layers A attd B. The permt, abllLty of the disturbed

rock zone was assumed to be sufficLewtly low (i,e., 2.61 x 10 -20 m2, which

is an orcter of magnitude above the assumed per.leabi] Lty of 2,41 x 10"21 m2

for halite ill the Salado Formation) to preve1_t: significant &,as flow around

the panel seals.

The computattotlal cells used with BRAC;FI,O represent two.dlmc, nsional

projections of three-dimenslotml features with diff(_rent volumes, The

width of the coinputatlonal cells (t.e,, distavlce measured In the direct:ion

of the y coordinate in Figure 3-1, which Is perpendicular to the page)

varies significantly before projection to two dimensions, from as little as

9.76 m at: th<, location of rhe shaft: to as much as 69 km in the intact

Salado Fornnation. This dtmen:iton of the grid floes not vary vertically;

thus, where tht_, grid is thin ltear the shaft: becatlse of" the slnall excavated

volume, all _,rld elc_merlts, Including the disturbed rock zovm, the it-it:act

Salado Format|on and the Culebra Dolomite, are givetl the same wtlue for the

y-dimensiotl. Figures 2-5 and 2-6 of WIPI' PA, 1992 show enlarged

representatiotls of" the grid in the horizontal platle contaivlitlg the

repost tory.

Ti,e t:htrd dlmensLoI_ (I.e. , the. y coordltlat:e, wtllctl ts l)ert)evidicular t:o

the page in Figure 3-l) is tticlucled In the colistructiott of the
i
n computatiotlal &irld to allow for dlf-feretit st:oragt, volttlnt_s for brine anct gas

In each cell, Flow ts not merle! 'd ill the t}iird cltmetlstot_ and occurs ot_ly

Ln the plane of Figure 3-1 (i.e,, In the direct iotas of t:he x and z

coorctinates), Flow froth Wast.o. Block C to the, Culc:bra l)olomit-e, for

example, would occur horlzoxltall.y through the ot:ht:r wast:e blocks and t:|le

panel seals, at_d then vertlc_llly up the shaft,

The eIids of the [,rid, soutlt of Waste Block C and north of t:he shaft:,

require additional explanatiol_. 1'he int:c_nt was to slmulat:e some three-

dimensional behavior wLtha two-dimensiorlal grid. Wit:tt t:l_e repository or

shaft actttlg as sources or sinks, fluid flow will be primarily horizontal,

and mostly through tlw at_hydrite layers. Close to the repository, flow

paths will t_ave complex orientations because of t:l_e, variable geometry of

the excavations, Furthe, r away from t:he reposit:ory, at: a dlstanc.e perhaps

several times the maximum horizontal dimension of tile repository (about 1,3

kin), flow will be nearly radial either t:owarct or away from the sink or

source. This cylindrical, flow t)attertl carl be apl.)roxtxtmt:ecl wt. th a two-

dtmer_s|.onal model if the wicttll of grid bloc:ks (i.e,, t:llc._ y-dimension of

Figure 3-1.) increases away from t:he sourcc_ ()r slllk by a factor of 2nr,
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Chapter3. Case2: PermeableShaf_wilh PanelSeals

where r is the distance from the source or stv_k at. t:tle c'evlt.er of the grid

(Moss, 1974), 111 a strict sen:;e, tht.s relationship l.s valid only If t:he

entire grid is set: up this way, starting from one side, Such a grid

represents a vertical cylincler, and the ro.sult:lng t:wo-dtmc, nstonal model

will simulate raclial flow in a t:hree-dt.menst.onal cylinder, In the grid

used here, only the nort:ti and south ends were treat:ed In tt_ts fashtorl, and

the results are not exact: It_ modeling all flow outward from t.he

repos!tory/shaft region, ttowever, as a first, approximatiov_, this proc'c:dure

accounts for the radial Lr_c:roast, in pore volt,no: away from tile central

region, This radial increase tn pore volum,_ is potentially Important

because brine and gas flow away item the repository will not be restricted

to two dimensions (vertically and tn one dtmc, nslon horizontally). Rather,

at a distance of a few kilometers from the repository (approximately t:he

dtsposal.-unit boundary), flow will be radial into ax_ lnc:reaslng pore
vo 1tune.

Waste Blocks A, B anct r.; are separat:ed by semi bloc:ks t:hat preserve

both the total length ax_(:t the t:otal volume of the seals lo(:ate(l betweerl the

panels. Thus, Seals 3 and 4 contatvl the: composite vol_une of the drift

seals north of the waste (Figure 2-3), Seal 2 contairls t:he composite

volume of the 12 panel seals sc, t)aratir_g Waste Blo,"k A from Waste Block B,

and Seal 3 cotltatr_s t:he '.,()lume of t:lle 8 panel seals separat:irlg Waste Block

B from Waste Block C, Seals are asstunoct to tlave a heigI_t: uqual to that of

a tlewly excavated room, apprc_:.:tmately 4 m, Actual }_c.tght.,; of seals may

vary, depen¢lit_g or, lee:attain. S_,als aru ass_t,,c, cl to occ_lp,/ orllv t:tl_ original

volume of the drifts il_ whict_ thc:v are _,l,plac'_,d, axed tie corrt_c:tior_ is made

for possible acldittol_,'_l _::cavatiovl, sl_cii as dowl_ward irito Marker Bc:d 1),9 ':

duriv_g seal co_tstructioxl. All p,'_el a_ld ctrift s_:als al'_, ati,'¢lLlllt_.d t¢) [iav(:

the same propc:rtic:s,

The single composite shaft is divided into four sec:ttons: a sump and

three arbitrarily divided highc,.r sections, c:ach havtr_g dlffc_rc:_t material

properties. The three upper sc:c:t[on.,_ are u:;c:d to rc:presc_r_t cltfferer_t

degrees of ce_:_ol, tdation of thc: halite seals and backfill at dlffc-,rc:l_t

depths, with the deeper sections havlr, g low¢,r per,,eability. The first.

shaft; section above the sump, labeled S}_aft 1 in Figure 3-1, extends from

the bottom of the waste blocks upward to t.h_ top o[ t:he Axd_yclrtt.e I.aye.rs A

and B, The midclle shaft section, labeled Shaft 2 in Figure 3-l, extc:nds

halfway to the t:op of thc: Salacto Format. lot), and tzh(, upp(,.r section, labc:led

Shaft 3, exterids to the top of the Culc:bra Dole,life. '['lle lowc:r most

portion of t:lle stiaft:, the sulnp, is asstllll(:d to })(' t)ack[tll_ct, and has b(:en

included in ttie triode] bc,+cause of it:s possible role as a brine sink. The

mocle lect sump e:,:tet_ds dow_lwarci 36.6 m from t.hc, r_,pc_sitorv f loot, result:trig

iti a modelecl volume: larger tilat_ t:hat of t}iu actual .'.;_.,'mp+';, Two of t.}_:+ f outr

sl_afts have _o sulnt_.q, avid _lc_ptlls ill tl_u ott_t,r two ai_, 38,4 m (W,'_;t+u St_aft)



3.1 Summary Description

arid 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, arid backfill blocks.

No mass is allowed to cross the far-field outer boundary of the g_id

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 rio

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/m 3. Initial 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.I01 MPa). Initial pressure was assumed to be

constant horizontally througilout 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 arid drifts are uncertain, and two

sets of calculations were carried out to evaluate the effects of assuming

initial full brine saturation arid initial full gas saturation. In 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. In 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 I0,000 yr were re].atively

insensitive to the initial gas saturation of the drifts and shafts. The

Case 2 result:s presented in this report were obtailled 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-I were used as

input to BRACFLO 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

I. 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, 1.982) 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, CRCORHF, GRMICHF, SH2PERMF and SH3PERMF

in Table 3-i 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 BRACFLO inputs (i.e., BFPERM, BRSAT, CRCORH, 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-ia 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 SampledVariables

Table 3-1. Imprecisely Known VariablesUsedin BRAGFLOfor Case2 to Determine the Effects of Seal
Permeabilltlesand Gas Generation Parameterson GasFlow through the Repositoryand up
the Shaft to ttbeCulebra Dolomite.

Variable Definition

BFPERMF Scale factor used in definition of permeability of backfill In waste panels
(dimensionless). Range: 0 to 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 Latinhypercube
sample.

BRSATF Scalefactor used in definition of Initial brine saturation of waste (dimensionless).
Range: 0 to 1. Median: 0.5. Distribution: Uniform. Actual value for inittal brine
saturationof waste, BRSAT,is

BRSAT = 0.276BRSATF.

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

GRCORHF Scale factor used indefinition of gas generation ratefor corrosion of steelunder
humid conditions (dimensionless). Range: 0 to 5 x 10-1. Median: 1 x 10-1.
Distribution: Plecewiseuniform. Actualgas 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,WlPP PA, 1991c. Variable3 in Latin hypercube sample.

GRCORI Gas-generation ratefor corrosion of steel under inundated conditions (mol/m 2
surface area steel, s). Range: 0 to 1.3x 10-8 mol/m 2 s. Median: 6.3 x 10-9
mol/m 2 s. Distrlbution: Piecewiseuniform. Additional information: Sameas
GRCORHF. Variable4 in Latin hypercubesample.

GRMICHF Scale factor used indefinition of gas-generation rate due to microbial degradation of
cellulosics under humid conditions (dimensionless). Range: 0 to 2 x 10-1. Median: 1
x 10-1. Distribution: Piecewiseuniform. Actual gas-generation rate, GRMICH,is

GRMICH = GRMICHF,GRMICI.

Additional information: Same as GRCORHF. Variable5 in Latin hypercube sample.
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Chapter 3, Case 2: Permeable Shaft with Panel Seals

Table 3-1. ImpreciselyKnown VariablesUsedin BRAGFLOfor Case2 to Determine the Effectsof Seal
Permeabilitlesand Gas Generation Parameterson Gas Flow through the Repositoryand up
the Shaft to the Culebra Dolomite (continued).

Variable Definition

GRMICI Gas-generationrate due to microbial degradation of cellulosics under Inundated
conditions (mol/kg cellulosics°s). Range: 0 to 1.6x 10-8 mol/kg s. Median: 3.2 x
10-9 mol/kg s. Distribution: Piecewiseuniform. Additional information: Sameas
GRCORHF. Variable6 in Latin hypercube sample.

MBPERM Permeability (k) in anhydrite marker beds in SaladoFormation under undisturbed
conditions (m2). Range: 8.5 x 10"21 to 1.8x 10-18 m2. Median: 7.8x 10-20 m2.
Distribution: Piecewlseuniform. Additional information: Memo from Beauheim,June
14, 1991,contained inAppendix A, WlPP PA, 1991c;Section 2.4.5,WlPP PA, 1991c.
Variable 11 in Latinhypercube sample.

MBPRES Pressure(p) in anhydrite marker beds in Salado Formation under undisturbed
conditions (Pa). Range: 8.21 x 106to 1.48 x 107Pa. Median: 1.28 x 107 Pa.
Distribution: Plecewlseuniform. Additional information: Memosfrom Beauheim,June
14, 1991,and Howarth,June 12, 1991,contained in Appendix A, WlPP PA, 1991c;
Section 2.4.6,WlPP PA,1991c. Variable10 in Latinhypercube sample.

SEALPERM Permeability (k)of sealsbetween waste blocks In repository (m2). Range: 3.3 x 10-21
to 1 x 10-14 m2. Median: 5.7x 10-18m2. Distribution: Lognormal. Additional
Information: Section3.2.2, WlPPPA, 1992;Section 3.2.2,WlPP PA, 1991c. Variable
12 in Latin hypercube sample.

SH1PERM Permeability (k)of lower shaft section (m2). Range: 3.3 x 1021to 1 x 10-14 m2.
Median: 5.7x 10-18m2. Distribution: Lognormal. Additional information: Section
3.2.2, WlPPPA, 1992. Variable14In Latinhypercube sample.

SH2PERMF Scale factor used in definition of permeability of mtddle shaft section. Range: 0 to 1.
Median: 0.5. Distribution: Normal. Actual permeability of middle shaft section,
SH2PERM,is defined by

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

Additional information: Section 3.2.2, WlPP PA,1992. Variable 15in Latinhypercube
sample.

,t

J
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3,3 Uncertainty and Sensltlvlty Analysis Results

Table 3..1. Imprecisely Known VariablesUsed In BRAGFLOfor Case2 to Determinethe Effects of Seal
Permeabllitlesand Gas Generation Parameterson Gas Flowthrough the Repository and up
the Shaft to the Culebra Dolomite (concluded).

Variable Definition

SH3PERMF Scalefactor used In definition of permeability of upper shaft section. Range = 0 to 1.
Median: 0.5. Distribution: Normal. Actual permeability of upper shaft section,
SH3PERM,Isdefined by

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

Additional information: Section 3.2,2,WIPP PA, 1992, Variable 16 in Latin hypercube
sample.

STOICCOR Stolchlometrlc 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, 1991c. Variable 2 in
Latin hypercube sample.

STOICMIC Stolchlometric coefficientfor microbial 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 Lappln et al., 1989,p. A-IO;
Section 3.3.9, WIPP PA,1991c. Variable9 In Latin hypercube sample.

VMETAL Fraction of total waste volume that is occupied by IDB (Integrated Data Base) metals
and glass waste category (dimensionless). Range: 2.76 x 10-1to 4.76 x 10-1.
Median: 3.76x 10-1 Distribution: Normal. Additional Information: Section3.4.1,
WIPP PA, 1991c. Variable7 in Latin hypercube sample.

VWOOD Fraction of total waste volume that is occupied by IDBcombustible waste category
(dimensionless). Range: 2.84 x 10-1to 4.84 x 10-1. Median: 3.84 x 10-1
Distribution: Normal. Additional Information: Section 3.4.1,WIPP PA, 1991c.
Variable8 in Latinhypercube sample.

3.3 Uncertainty and SensitivityAnalysisResults

Cas 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

i, 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 arm gas pressure in the individual waste

blocks are investigated in Sectior_3.3.4. Finally, gas migration through
the shaft to the Cu]ebra Dolomite is considered in Section 3.3.5.
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3.3.1 Gas Generation Due 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, GRCORII, GRMICH, BFPERM, SI12PERM and

SH3PERM defined in Table 3-I 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 I.00

SHIPERM 0.00 0.04 i. 00 (3- l)

SH2PERM -0.03 -O.01 0.64 1.00

SI13PERM O. 05 O. II O. 52 O. 80 l.O0

SEALPERM BFPERM SH1PERM Stt2 PERM Stt3PERM

the transfornlations given in Table 3-I result in substantial correlations

between SEALPERM and BFPERM and also between SHIPERM, 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, SHIPERM 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 SHIPERM, SII2PERM, 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 i.n
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Cumulative Gas Production Due to Corroslon of Steel

Partial Rank Correlation Coefficients for Cumulative Gas Production Due to

Corrosion of Steel
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Figure 3-2. Uncertainty and sensitivity analysis results for gas generation
due to corrosion of steel.
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this chapter: BRSAT, GRCORII, (;RCOR[, GRMICII, CRMICI, MBPERM, MBPRES,

SEALPERM, SH2PERM, STOICCOR, STO[CM[C, VMETAL alld VWOOD.

The lower two frames Ill Figure 3-2 show time-dependent plots of

partial rank correlatlotl coefficients between cumulatl.ve gas production and

individual variables. The coefflclez_ts in Figure 3-2 and other similar

figures in this chapter are calculated on the basis of vertical slices

through the correspollding curves in the upper half of the figure. Due to

the relatively small sample :_I.ze in use (i.e., 22 observations for 13

independent variables), an absolute value cutoff of 0.7 [s used for the

selection of partial l:allkcorrelation coefftcierlt:s for presentation in this

chapter, As a reminder, a positive rank correlatf, ol_ coetfictent indicates

that two variables telld to lllcrease and decrease togettler, and a negative

rank correlation coefficient indicates tl_at, as olle variable increases, the

ott_er tellds to decrease,

As shown by the partial correlation results in the lower left frame of

Figure 3-2, cumulative gas production due to corrosion under humid

conditions is dominated by GRCORII (gas-generation rate for corrosion of

steel under humid conditions), with cumulative gas production showing a

strong tendetlcy to increase as GRCORII increases. In addition, cumulative

gas production due to corrosion under humid conditions tends to increase as

STOICMIC (stoichiometric coef[icient for microbial degradation of

cellulosics) increases and tends to decrease as BRSAT (initial brine

saturation of waste) and STOICCOR (stolchiometrlc factor for corrosion of

steel) increase. The positive effect for STOICMIC results from increased

gas generation due to microbial degradation of cellulosics, with a

resultant increase in the amount of repository pore space that is 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 eacll 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 produced by corrosion under humid conditions is reduced.

The partial correlation coefficients for GRCORH are very close to I, with

the result that STOICMIC, STOICCOR and BRSAT are actually making relatively

small contributions to the uncertainty in gas gelmration due to corrosion

under humid conditions.

As shown by the partial correlation results in tl_e lower right frame

of Figure 3-2, cumu].ative gas l)roductiotl due ro corrosiot_ under inundated

conditions tends to increase as CRCORI (gas-generation rate for corrosion

of steel under inundated collclitions) and BRSAT (iilitial brine satttrati.on of
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waste) [tmrease allot te,lds t:o decrease as CRCORI-! (gas-generation rate for

corrosion of steel tinder hum.ld conditlm_s) increases. ']?}_e posit:|ve effects

for GRCORI arid BRSAT result because ttmreasit_g GRCORI Increases the rate at

which gas is produced by corrosion under tntmdated conditiotts and

ttmreasing BRSAT increases tl_e amount of steel that will be consumed by

corrosion utlder inundated conditions. The negative effect for CRCORH

results because the itmreased consumption of steel and brine by corrosion

under lu_untd conditions reduces the amount of gas tllat can be produced by
the corrosion of steel under [ntuidated conditions,

Stepwtse regression almlysls can also be used to analyze the

ctunulattve gas production results shown Ill Figure 3-2. The two regression

analyses showtl in Table 3-2 are for cumulative gas production over 10,000

yr due to corrostotl tlllder }ll.lHl[d _llld i tmlldatod co=ldlttons, respectively,

Thus, theso t:wo l.'egl:esston allalvses are for t:lle gas product:ion values

appearing above 10,000 vr 11_ t:lle t;wo upper frames of Figure 3-2. The

regression analysis lot gas prodttct, t.n under }mml(l cotldttions indicates a

positive effect (I.e., a pos[tiw, regressiol_ coeffi(:iellt) for GRCORH (gas-

getl¢'ratt.on rglt:.c_ for corrost()il of steel tltlder humid condtt, l ons), with this

variable accotllltil_g for 81'_ of tile utlcertait_t:y in _,as production.

The re.,gresslon atmlysls tn Table 3-2 for gas producttol_ under

inundated cot_dttlot_s did not identify any variables tl_at satisfy the

milltmum concltt:ion to enter tile regressfot_ Inodel (i.e,, an c_-vaiue of at

least 0.02). Scat:t:erplots of cumulative gas producl_iot_ over 10,000 yr due

to corrosion under i_mndat:ed 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 Corrosion)

Step a Varlableb SRCc R2d Stepa Variableb SRCC R2d

1 GRCORH 0,90 0.81 No variables selected

a Steps in stepwlse 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
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3.3.2 Gas Generation Due to Microbial Degradation

A summary of the analysts results for gas generation due to microbial

degradation is given i.nFigure 11-3, The upper two frames |n Figure 3-3

show cumulatlve gas generation due to microbial degradation under humid and

inundated conditions, respectively, As comparison with the corresponding

plots in Figure 3-2 shows, gas generation due to microbial degradatiotl is

approximately 50% or less of gas generatiotl due to corl'osion. The ratlge of

cumulative gas generatiotl shown in Figure 3-3 is slightly larger for

inundated than for humid cot_ditlons.

The ]o'_er two frames it,Figure 3-3 proseut sensitivity analysis

results based on partial rat,k correlation coefficlet,ts as it,Figure 3-2.

For cumulative gas production tlllder hUlllid COil(tit-lolls, ttlcreasing each of

STOICMIC (stoichiometrie coefficient for mLcrol, ial degradatiol, of

cellulosics), GRMICtt (gas-generation rate duo 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 iuereaslng BRSAT (initial brine saturation) decreases gas production,

The positive effects for STOICMIC, GRMICti at,d VWOOD result because

increasing STOICMIC increases the amount of gas produced per unit of

cellulose cons,treed, tncreasit_g (;RMICH increases t:he rate of microbial

degradation tulder humid cot,ctittot,s, at,ct tt_creaslng VWOOI) ttw.roases the

amount of cellulose available for microbial degradatlot_, lI_ contrast°

Increasing BRSAT decreases t:he amotult of gas produced ut_dt, r humid

conditions by increasing the amount of cellulosics tt_at wtll be consumed
under inundated coudltiol_s.

For ctunulat:ive gas product tot_ under inutldat:ed col_dttions, tl_ct'easing

eacl, of STO1CMIC (stolchiometrtc coefflctel_t for microbial degradattotl of

cellulosics), BRSAT (lt_ltial brit_e saturattot,) a,_d GRMICI (gas-get_erattotl

rate due to microbial degradation of cellulosics urlder ltlundated

conditions) increases gas production, tncreastl,g STOICM1C ltlcreases *:he

amount of gas produced per ut,it of cellulose cot,sume.d; lncreasltlg BRSAT

increases the amount of cellulose that will be consul|ted uttder Inundated

conditions, and increasing GRMICI increases tim rate of microbial

degradation under inundated conditions.

The two regression analyses in Table 3-3 are for cumulative gas

production over 10,O00 yr due to microbial degradation under humid and

inundated conditions, respectively, Thus, these two regression analyses

are for the gas-product:ion values appearing above 10,000 yr in the two

upper frames of Figure 3-3. For gas production under hum|d conditions, the

variables STOICMIC (stoichtomett'ic coefficient for microbial degradation of

cellulosics) and GRMICH (gas generation rate due to microbial degradation
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Cumulative Gas Production Dim to Microbial Degradation of Cellulosics
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Partial Rank Correlation Coefficients for Cumulative Gas Production Due to

Microbial Degradation of Celluloslcs
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Figure 3-3. Uncertainty and sensitivity analysis results for gas generat:ion

due _o microbial degradation of cellul.ostcs under humi.d and
inundat:ed conditions.
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Table 3-3, Stepwlse Regression Analyses with Rank.Transformed Data for Cumulative Gas Production

over 10,000 yr Due to Mlcroblai Degradation under Humid and Inundated Conditions,

Total Gas Production over 10,000 yr Total Gas Production over 10,000 yr
(Humtd Degradation) (Inul_dated Degradation)

Step a Variable b SRC c R2d Stepa Variable b SRC c R2d

1 STOICMIC 0,69 0.57 1 STOICMIC 079 068
2 GRMICH 0.34 068 2 BRSAT 0,33 0.79

3 GRCORH -0,24 0,85

a Steps in stepwise regression analysis
b Variables listed in order of selection In regression analysts

c Standardized regression coefficients tn final regression model
d Cumulative R2 value with entry of each variable into regression model

of rel luLostcs under humid r onditiotls) (:at_ nccount for 68% of the observed

variability ttl Vas productLotl, with gas l_rocluctiow tenditlg to increase with

itwreasitq; val_lt_s for STOICMIC and GRMICit. For gas production under

ltlulttlat.ed r.ottditlotls, tile variables s'roICMIC and BRSA'r (initial brine

saturat:fLot]) cat1 account: for /9% of the observed varJabllit:y fit gas

product ioIi, with gas prodtlct::|ot| teliditig t.o [llCFt,,3se as e._it:h of these

variables ittcreases, Whetl the adclit:lotla] variable GRCOR}i (gas-generat|on

rate for eor,+oslot_ of steel Lttltl_r llumld cot_¢litions) ls added to the

rc+_,ressiott model, 85% of tile variability in gas productiot+ call be. accounted

for, wltl_ gas produrtiotl tetl(lltlg to decl:'ease as (;RC2ORll Increases bet:au.,_e

illcrease(| _,as t)ro(tttct[Oll tell(l.'; to dt.,cFea.,le tit(, frac'.tlott of the pore volulne

t,}lat is filled wit:It britlo azlcl lit,tit's, rt,cluce t-l_, amc,llzlt el microbial

dc, graclatictl t}lat takes I)1.(:. _t,,cl<,t" iliUVlctat(,cl (:otlclittotl._.

3.3.3 Total Gas Production

The ut)per two frames itl Figure 3-4 stlow tot:al gas procluctlol_ due to

corrostott and microbial de_,raclat:iort attd were obtatr_ed by combinirtg the

corresponding results in Figures 3-2 and 3-3 for gas production under humid

and inundated cot_dLtions. 'rypLeally, low gas production under humid

conditions is associated witl_ tligher gas prochmtion uttcier inundated

conditions and vice versa, As a result:, the gas-productio_ curves in

Figure 3-4 t:end to Iie farther above the abscissa than many of the

individual curves in Figures 3-2 and 3-3 Overall, the gas production due to

corrosion tends to be about twice tl_e gas production due to microbial

dogradat[on. (;as production due to microbial degradation has more curves
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Cumulative Gas Productlon

Partial Rank Correlation Coefftc+[ents for CumulatfLve Cas Production
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F|gure 3-4, Uncertainty and sensitivity analysis results for gas generation

due to corrosiot_ of! steel and microbial degradation of
cellulosi.cs,
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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) (M ic roblaI-Degradation)

Step a Variable b SRC c R2d Stepa Variable b SRC c R2d

1 GRCORI 0.56 0.32 1 STOICMIC 0.95 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
d 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 R 2 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 i0,000 yr due to corrosicn (i.e., one scatterplot for

each variable in Table 3-i). 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 analysis 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 913 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 I0,000 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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Figure 3-5. Scatterplots relating cumulative gas production over i0,000 yr
due to corrosion to CRCORI (gas-generation rate due to
corrosion of steel under inundated conditions), BRSAT (initial
brine saturation) and STOICCOR (stoichiometric factor for
corrosion of steel).
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3.3 Uncertainty and SensltMty Analysis Results

Cumulative Gas Production

Partial Rank Correlation Coefficients for Cumulative Gas Production
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Figure 3-6. Uncertainty and sensitivity analysis results for total gas

production (i.e., both corrosion of steel and microbial

degradation of cellulosics).
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Steel and Cellulosic Inventories
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Figure 3-7. Uncertainty and sensitivity analysis results for steel and

cellulosic inventories in waste panel.
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3,3 Uncertaintyand SensitivityAnalysisResults

inventory of steel and cellulosics is often exhausted or stgnlficantly

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 productl.on.

Positive effects are indic.ated for GRCORH (gas-generation rate for

corrosion of steel under humid conditions), CRMICII (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 (stolchlometric factor for corrosion of steel). For the entire

10,O00-yr period, the most important variables are STOICMIC, BRSAT and

STOICCOR.

The regression analysis in Table 3-5 is for cumulative gas production

over i0,000 yr due to both corrosion and microbial degradation. The only

variable selected in the analysi.s 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 [or 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 i0,000 yr due to corrosion, 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 (gas-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 steel inventory. The

negative relationships involving GRCORI, CRCORII and BRSAT result from their

effects on increasing the rate of corrosion.

Tile cellulosic inventory is initially dominated by VWOOD (fraction of

total waste volume that is occupied by IDB combustib].e 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 ce]_lulosics). Increasing STOICMIC

tends to increase gas production and thus increase the fraction of the
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Chapter3, Case 2: PermeableShaftwith PanelSeals

Table 3-5, StepwiseRegressionAnalysiswith Rank-TransformedData for Total Gas Production Over
10,000yr Due to Both Corrosion and Microbial Degradation.

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

Stepa Variableb SRCc R2d

1 STOICMIC 0.57 0.33

a Steps in stepwlseregressionanalysis
b Variables listedIn order of selection tn regressionanalysis
c Standardized regressioncoefficients in final regression model
d Cumulative R2value with entry of eachvariable into regression model

waste panel pore volume that is filled with gas; in tllrn, 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 Saturationand 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 CRCORH (gas-

generation rate for corrosion of steel under humid conditions) and CRMICI

(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 GRCORtl and GRMICI increases the amount

of gas in the panel and increasing BRSAT increases the amount of brine in

the panel.

For Waste Block C, a negative effect is also indicated for MBPERM

(marker bed permeability), witll this effect occurring because increasing

MBPERM increases the rate at which brine flows int:o Waste Block C from

anhydrite layers in the Salado Formation. Due to the structure of the

computational grid shown in Figure 3-i, 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 rapidly when STOICCOR is large than when STOICCOR is 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, tlme-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 1.4.8 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 ill 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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Figure 3-9. Uncertainty and sensitivity analysi.s results f:or gas pressure
in individual waste blocks.
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the two most important variables trlfluenclrlg gas pressure, with gas

pressure tending to decrease |is each of these variables Increases. Prior

to 5000 yr, gas pressure t:c:ncts t:o increase as the wtrlztbles GRCORII (gas-

generation rate for corrosion of) steel uri¢ler humtd conditions), CRMICII

(gas-generation rate for microbial degradation of cellulosics trader humid

conditions) and BRSAT (initial brine satur_tioz_) Increase due to the

influence of these variables on increasing gas production, tlowever, as

shown in Figure 3-4, most gas production ts 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 performttnce assessment did not directly

model closure of the waste panels, llowever, 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 ]ithostatic pressure. (i.,e,, ].4,8 MPa), As a

result, initial pore volume Is a function of STOICCOR (stolchiometric

factor for corrosion of steel), STOICMIC (stoichiometrlc coefficient for

microbla] 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 remains essentially

fixed at its initial volume, although there is a small response to changing

gas pressures through rock compressibillty 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 contained in this report is the

migration of gas away from the waste panels. For Case 2, this means gas

migration through the shaft to the Culebra Dolomite. As shown by the tipper

two frames in Figure 3-iI, most gas leaving the reposi,tory does indeed flow

up the shaft to the Culebra Dolomite.

Sensitivity analysis results based on partial, rank correlation

coefficients for cumulative gas flow _,,_tof the repository are gl.ven in the

lower left frame of Figure 3-Ii, These results 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), GRCOR] (gas-generation rate

for corrosion of steel under inundated conditions) and GRCORH (gas-

generation rate for corrosion of steel under humid conditi.ons)
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Cumulative (;an Flows out: o[ Repository and through Shaft to Culebra
Doloml to.
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f;Lve LndLvidual variables ,'=re .;l_own t=_ l.'fst_r_, 3-17. 'l'tl_,,,;e v.rlablc_,s vaere

se]ect:c:d as t_avin 5 the st:rc_t_Vu.._t rt_lati._:.;llit_,.; witln cumul,,_tlvc, gas flow

e×alninat:[o_l of tile scatt:erl_]C_t._ for t:lie 1_> varj_l_l_:_ cl¢_lltle¢l I v_ 'l'ablc_ it,-I ,

AttllouBh all t:he scat. t:ert_]ot._ st_¢_w ,'1 t_oslti,_,_ r_lat i._st_tp t_c,,t.wo_c.,_tile

savnp]ed variable at_d c'umu]ativc; gas flow, tnovlc_ of t_llc_ relat, iox_slltps ar_;

very tight:, Furl|it, t:', t.llo |OtLl" Z(!t'(} I'(!]O_I,_C'_ dll'(, _'.;('.,qtt.(_'i'(:(|OV¢_'l" t:}lC: l'dlll_3{.'

of" c_ach samplc.,d variable, 'l't_t_,'.;, vm sln_.lc_ varial_l._, apl_c,ars to cioxntnat:e

cumulative gas to. lease t:o tile., Culc;bra, As sl_c_wt, It, t':ct, 3-1, tile sllaft: sc:al

permeabll[t:tes StlIPERM, StI2PERM arid SII3PI'_P.Mar_; ¢:orrc_lat.ed, and on]y t.he

middle', shaft_ pc:rHleabtltt:y SIt2Pt,;RH was ivic'l_clc_cl t_ t.tlc: part la] c-orre]attc_

analysI, s.
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Chapter3. Case 2: PermeableShaftwithPanel Seals
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the shaft to the Culebra Dolomlt:e for. the following sampled

variables' BRSA'[' (initial brine saturation), SEALPERM

(permeability of seals betweei_ waste blocks in repository),

SHIPERM (permeability of lower shaft secti,on), SI{2PERM

(permeability of middle shaft sect:jozi) aztd SII3PERM

(permeability o[ upper shaf!t sect:lor_).
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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

ess_nption that the pore space in the shaft is initially brine-filled. For

example, the scatterplot of cumulative gas flow to the culebra over I0,000

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-i 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,Ld 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 i0,000 yr period under

consideration. Overall, _:he 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 Culebrs resulted for 1.8 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 permeabilii:y of seals in the shaft. In contrast,
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Chapter 3, Case 2: Permeable Shaft with Panel Seals
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Figure 3-13. Scatterplot for cumulative gas flow over i0,000 yr through the

shaft to the Culebra Dolomite versus SHIPERM (permeability of

lower shaft section). The results in this figure and

elsewhere in this section were generated with the assumption

that the pore space in the shaft is initially gas-filled.
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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 i, 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 fo]lowing aspects: (i) 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 ].-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 i0 waste panels and another region containing the seals and backfill,

and (6) the inclusion of a single, lO-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 lO-m seal is assumed to

be backfill that offers limited flow resistance to fluid flow. In 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 permeabi].ity 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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Chapter4, Case3: PermeableShaftWithoutPanelSeals

The computational grid used for Case 3, which is shown in Figure 4-I.,

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 Dol.omite,

and approximately 39 km in the north-south direction. Stratigraphy is

unchanged from Case 2 except for the addition of Marker Bed 1.38, which is

0.4 m of anhydrite 1.ocated 6 ,iabove Anhydr[t:e [myers A and B. The

disturbed rock zone extends horizonta1,l.y 1.0 m from the waste, and a

transition zone with i.rltermediatematerial properties (Chapter.-3, WIPP PA,

].992) is assumed to extend upward through Marker Bed ]38 and to extend ].0 m

below Marker Bed 1.39 into the underlying halite. The shaf!t is divided into

three segments, with a single seal. separating two regions o[ backfill.. The

sump is assumed to be bac.k(i.[led, and is included in the lower shall

segment. As previousl.y indicated, the waste disposal region is divided into

two regions, one containing the waste panels and tl_e other cor_t.aining the

panel seals and associated backfitl. Figures 2-8 and 2-9 of WIPP PA, 1992

provide enlarged representations of the horizonLal, plane through the

repository horizon.

Boundary conditions are the same a.. for Case 2: t.hers i.s no fl.ow in

the normal, di.rection across '-all far-field boundaries except the l.ateral_

boundaries of the Culebra, where the initial, pressure of 1_.053 MPa i.s hel.d

constant throughout the si.mul.acions. Initial pressure in the shaft, drifts,

waste, experimental region, the disturbed rock zone, and the transition zone

is atmospheric (0.1.01 MPa). Initial far-field pressure in the Salado

Formation is sat as in Case 2 by hydrostatic variation from the sampl_ed

value for pressure in MarkEr Bed 1.39.

Initial. brine sat.uration is assumed to be 1.00 for all undisturbed

rock. Initial brine saturat:ior_ in the shaft: is assu,led to be residual and

is a sampled variable rangi.ng from 0.0 to 0.4, (Section 2.3.1, WIPP PA,

1.991c). Initial bri.ne saturation within the Waste iS also a sampled
variable. The initial brine saturati.ons of the disLurbed rock zone and

transition zone are adjusted rel.ative 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 hal. ite. The initial saturation for

the seals and backfill is set to the same sampl.ed value used for the shaft.

4.2 Sampled Variables

The 20 imprecisely known variables listed in Table 4-i are used as

input to BRACFLO for the Case 3 uncertainty and sensitivity studies. As for

Cases 1 and 2, the distributions indicated in Table 4-i 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 samp1_e

is listed in Table 3.3-2b of WIPP PA, 1992.
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4.2 Sampled Variables
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Figure 4-i. Gridding scheme employed with BRAGFLO for the two-dimensional

vertical cross-section model used for Case 3. Individual

computational cells are identified with an ordered pair (i,j)
of integers, where i designates the horizontal coordinate and j

designates the vet:tical coordinate,

4-3



Chapter4, Case3: PermeableShaft WithoutPanelSeals

Table 4-1. ImpreciselyKnownVariablesUsedin BRAGFLOIn the Estimationof GasFlow through a
lO-m Shaft Seal

Variable Definition

BCBRSAT Brooksand Corey residual brine saturation (S2r) (dimensionless). Range: 0.0 to 0.4.
Median: 0.2. Distribution: Piecewlseuniform. Additional information: Sect.3.3.2,
WlPP PA, 1992, Variable 12in Latin hypercube sample.

BCEXP Brooks and Corey exponent (r/) (dimensionless). Range: 0.2 to 10. Median: 0.7.
Distribution: Plecewiseuniform. Additional Information: Same as BCBRSAT.

Variable14 in Latin hypercube sample.

BCGSSAT Brooksand Corey residualgas saturation (Sqr) (dimensionless). Range: 0.0 to 0.4.
Median: 0.2. Distribution: Piecewiseuniform. Additional information: Sameas

BCBRSAT.Variable 13 in Latin hypercube sample.

BRSAT Initial fluid (brine) saturation of waste (dimensionless). Range: 0 to 2.76 x 10-1,
Median: 1.38x 10"1. Distribution: Uniform. Additional information: Section3.4.9,
WlPP PA, 199ic. Variable1 in Latinhypercube sample Isuniformly distributed on
Interval [0,1] and usedto select value for BRSATby preprocessor to BRAGFLO.

DRZPERM Disturbed rock zone permeability (k) (m2). Range: 1 x 10"18 to 1 x 10-13 m2.
Median: 3x 10-16m2. Distribution: Piecewlselogunlform. Additional information:
Sect. 3.3.2,WlPP PA, 1992. Variable17 in Latinhypercube sample.

GRCORH Scalefactor used in definition of gas-generationrate for corrosion of steelunder
humid conditions (dimensionless). Actual gas-generation rate IsGRCORH,GRCORI.
Range: 0 to 5 x 10-1. Median: 1 x 10-1, ")lstrlbution: Piecewlseuniform. Additional
Information: Memo from Brush,July 8, 1991,contained in Appendix A, WlPP PA
1991c;Section 3.3.8,WlPP P/. 1991c. Variable3 in Latinhypercube sample.

GRCORI Gas-generationrate for corrosion of steel under Inundated conditions (mol/m 2
surface area steel,s). Range: 0 to 1.3x 10-8 mol/m 2 s. Median: 6.3 x 10-9
mol/m 2 s. Distribution: Piecewiseuniform. Additional information: Sameas
GRCORH. Variable4 in Latin hypercube sample.

GRMICH Scalefactor used indefinition of gas-generation rate due to microbial degradation of
cellulosics under humid conditions (dimensionless). Actual gas-generation rate is
GRMICH,GRMICI. Range: 0 to 2 x 10-1, Median: 1 x 10"1, Distribution: Piecewise
uniform. Additional Information: Same as GRCORH. Variable5 in Latinhypercube
sample.
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4.2SampledVariables

Table 4-1, ImpreciselyKnownVariablesUsedIn BRAGFLOin the Estimationof GasFlowthrough a
l O-mShaft Seal (Continued)

Variable Definition

GRMICI Gas-generationratedueto microbialdegradationof cellulosicsunderInundated
conditions(mol/kg cellulosics,s), Range: 0 to 1.6x 10.8 mol/kg s, Median:
3.2 x 10-9 mol/kg s. Distribution:Piecewlseuniform. Additionalinformation:Same
as GRCORH. Variable6 InLatinhypercubesample,

MBPERM Permeability(k)In anhydrltemarkerbedsinSaladoFormationunderundisturbed
conditions(m2), Range: 8.5 x 10"21to 1.8x 10"18m2, Median: 8 x 10-20m2.
Distribution:Piecewiseuniform.Additionalinformation:Sect.3.3.2, WIPP PA,1992,

Variable19 InLatinhypercubesample.

MBPRES Pressure(p) inanhydrlteMarkerBed 139underundisturbedconditions(Pa).
Pressuresat otherelevationsInSaladoFormationwerevariedhydrostaticallyfrom
sampledvalueforMBPRES. PressuresRange: 8.2 x 106to 1.5x 107Pa. Median:
1.3x 10.7 Pa. Distribution:PlecewIseuniform. AdditionalInformation:Section

2.4.6,WIPP PA,1991c. Variable18 inLatinhypercubesample,

$ALPERM Permeability(k) inhalitecomponentof SaladoFormation(m2). Range: 1 x 10.25 to
1 x 10"21m2, Median: 2x 10-24m2, Distribution:PiecewiseIoguniform.Additional
Information:Sect.3.3.2,WIPP PA, 1992. Variable10 In Latinhypercubesample.

SALPOR Porosity(_) in SaladoFormationhaliteandanhydriteunderundisturbedconditions
(dimensionless).Range: 1 x 10.3 to 3 x 10-2. Median: 1.55 x 10-2. Distribution:
Uniform. Additionalinformation:Section2,3.7, WIPPPA, 1991c. Variable11 in Latin

hypercube sample.

SEALPERM Shaft Seal Permeability(k) (m2). Range: 1 x 10-21 to 1 x 10-18 m2. Median: 3.16 x
10-20 m2. Dlstrlbutlon: Lognormal, Additional information: Sect,3.3.2,WIPP PA,
1992. Variable20 tn Latin hypercube sample,

STOICCOR Stoichlometric factor for corrosion of steel (dimensionless). Definesproportion of
two different chemical reactlons that take place during the corrosion process.
Range: 0 to 1. Median: 5x 10-1, Distribution: Uniform. Additional Information:
Brush and Anderson In Lappln et al., 1989,p. A-6; Section 3.3.8,WlPP PA, 1991c.
Variable2 in Lattn hypercube sample,

STOICMIC Stolchlometric coefficient for microbial degradation of cellulosics (mol gas/mol
CH20 ). Range: 0 to 1.67mol/mol. Median: 8,35 x 10"1 mol/molo Distribution:
Uniform. Additional Information: Brushand Anderson in Lappin et al., 1989,p, A-IO;
Section 3,3.9,WIPP PA, 1991c, Variable9 in Latinhypercube sample.
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Chapter 4, Case3: Permeable ShaftWithout Panel Seals

Table 4-1. ImpreciselyKnownVariablesUsed in BRAGFLOin the Estimation of Gas Flow through a
10-mShaft Seal (Concluded)

Variable Definition

TZPERM Transition zone permeability (k) (m2), Range: 1 x 10"21 to 1 x 10"19m2. Median: 7
x 10-21 m2. Distribution: PlecewiseLogunlform, Additional information: Sect.3,3.2,
WlPP PA, 1992. Variable16 in Latin hypercube sample.

TZPOR Scale factor used In definition of transition zone and disturbed rock zone porosity

('_z),with the transition zone and disturbed rock zone porosity defined by #)z=
SALPOR + (0.06-SALPOR).TZPOR. Range: 0to 1. Median: 0.5. Distribution:
Uniform. Additional information: Sect. 3,3.2,WIPP PA, 1992, Variable 15 in Latin

hypercube sample,

VMETAL Fraction of total waste volume that Is occupied by IDB (Integrated Data Base) metals
and glass waste category (dimensionless). Range: 2.76 x 10-1 to 4.76 x 10"1.
Median: 3.76x 10"1. Distribution: Normal. Additional Information: Section3.4.1,

WIPP PA, 1991c. Variable7 in Latinhypercube sample.

VWOOD Fraction of total waste volume that Isoccupied by IDB combustible waste category
(dimensionless). Range: 2.84 x 10-1to 4.84 x 10-1. Median: 3.84 x 10-1,
Distribution: Normal. Additional Information: Section 3.4.1,WIPP PA, 1991c.
Variable8 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 i. 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-Ia of WIPP PA, 1992.

Further, additional discussion of the BRAGFLO input for Case 3 is available

in Section 3.3 of WIPP PA, 1992.
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4,3 Uncertaintyand SensitivityAnalysisResults

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 gas generation-rate due to corrosion under humid

conditions is defined by GRCORH,GRCORI. As shown by the partial correlation
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Cumulative Gas Production Due to Microbial Degradation of Cellulosics
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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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43 UncertaintyandSensitivityAnalysisResults

result.s in tl_e lower ri.gllt [_rame of FiDlre l_,2, c_unulattve, gas product:ion

due to corros i.otl under lnur_dat.ed condtt:ions t:el_ds t:o increase as BRSAT

(initial brt.tw sav.uratioz_ of waste) and GR(:ORI (gas-gelmration rate for

corrosion of steel tulder Intu_dated cond.itioz_s) increase alid t_rlds to

decrease as GRCORI{ (scale factor used In definition of gas generation rate

for corrosi.on of st:c, el ullder htunid condttiotls) l lmreases, The positive.

effects for BRSAT azld GRCORI result because [tlcreaslllg BRSAT Increases t:he

amount of steel tllat wtll be consumed by corrosion under inundated

condit:ions alld increasing GRCORI ttmreases tile rate whict_ gas is produced by

corrosion under inundated conditions. The negative effect for GRCORH

results because the increased consulnptloll of steel and brine by corroston
under humid condttiolls reduces t;he amotult of gas that can be produced by the
corrosion ot7 steel undel" inundated condt.t t.ol_s,

Stepwise regression analysis ca_ also be used to analyze the cumulative

gas production results st_owl_ in Figure 4-2. Tt_e two regression analyses

shown t.tl Tabl_e 6-2 are for cu,lulat-tve gas production over lO,O00 yr due to

corrosion under htunId and intuldated conditions, respectively, Thus, these

t:wo regresstot_ 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 conditio1_s indicates positive effects (i.e,,

positt.ve regresst.on coefficients) for GRCORH (scale factor used in

definitioli of gas-generation rate for corrosion of: steel ullder humid

collditions) a11d (_;P.CORI (gas-generat:ion rate for corrosioll of steel under

tnulldated cotldltlons. As iIl(lfcated earlier, the positi.ve effects for GRCORH

and C;RCORI l;estllt: becattse t:l_e ,_as-g_:_.l-l{ar;.it:[.Oll rate for t-t_e corrosion of steel

under hunltd co_lditions i.s (;RCOF_It,GRCORI, The scale fact:or (;RCORH is the

most i lnportal_t: variable a_ld accounts for 61g (i.e., t{2 = 0.61) of the

variability i_, gas generat:io_ dtte t-o corcosio_ under humid conditions.

Further, GRCORI acco_mts for an acldttional 6_ of t_l_e variability (i.e.,

67g - 61._ = 6_).

The regre.ssion analysis in Tabl, e 4-2 for gas productior_ under inundated

conditions indicates postti.ve effects for BRSAT (Initial brine saturation of

waste) and (;RCORI (gas-gerlel'ation rate for corrosion of steel, under

inundated conclit;ions) and negative effects for (;RCORH (scale factor used in

definition of gas-generation rate for corrosion of steel under humid

conditions) and STOICCOR (stochiolnetric factor for corrosion of steel),

These effects result because increasing BRSAT increases t.he amount of steel

exposed to corrosion under inundated conditions, increasing GRGORI increases

the gas-generation rate under itmndated conditions, increasing GRCORH
decreases tlle a_noun¢ of steel available for corrosion under inundated

conditions, and increasing STO1GCOR decreases the amount of gas produced per

unit of steel consulned in tl_e corrosion process, I.nitial. brine saturationt
(BRSAT) is the ,lost important variable and accounts for 58g of the
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variabllity 11-igas generatlon clue to corrosion under inundated conditions.

Further, CRCORH, GRCORI and STOICCOR collectively account f'oran addttlonal

28% of the variability.

4.3.2 Gas Generation Due to Microbial Degradation

A suxnmary of the analysis results for gas generation due to microbial

degradation is given t n Figure 4-3, The tipper tWO frames tn Figure 4-3 show

cumulative gas generation due to microbial degradation under humid and

inundat:ed conditions, respect:ively, As comparison w|t:h t:hc; corresponding

plots In Figure 4-2 shows, gas generatiml due to microbial de.gradation t.s

approxlxnately 50_ or less than gas generation due Co corrosion. The ranges

of cumulat:tve gas genuration sllown in Figure 4-3 for tnundat.ed and humid

conditions are similar,

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

Total Gas P0oductlon over 10,000 yr Total Gas Production over 10,000 yr
(Humid Corrosion) (Inundated Corrosion)

Step a Variable b SRCc R2d Stepa Variable b SRCc R2d

1 GRCORH 0,78 0.61 1 BRSAT 0.75 0.58
2 GRCORI 0.25 0.67 2 GRCORH -0.47 0.80

3 GRCORI 0.20 0.84
4 STOICCOR -0.14 0.86

a Steps In stepwlse 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 tower two frames in Figure 4-3 present: sensitivity analysl.s results

based on partial rank correlation coefficients. For cumulative gas

production under humid conditions, increasing each of CRMICH (scale factor

used in definltion of gas-generation rate due to microbial degradation of

cellulosics under humid conditions), STOICMIC (stoichlometric coefficient

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

4-i0
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Chapter 4, Case 3: Permeable Shaft Without Panel Seals

produced per ur_it of cellulose consumed while [ncl:eastng GRMICH and CRMIC]:

increases the rate CRMICH,C|_MICI of microbia] 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 whi.ch 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 CRMICI increases gas

production.

The regression analyses for cumulative gas production over I0,000 yr

due to microbial degradation under humid and inundated conditions,

respectively, are presented in Table 4-3. Th_se analyses are for the gas

production values appearing above I0,000 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 occ.upied by IDB

combustible waste category) and CRMICI (gas-generation rate due to microbia].

degradation of cel].ulosics under inundated conditions) can account for 72_

of the observed variability in gas production, with gas production tending

to increase with increasing va]ues for GRMICH, STOICMIC, VWOOD and CRMIC]

and tending to decrease with increasing values for BRSAT. For gas

production under inundated conditions, the variab]es 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 CRMICH are added to the regression

model, 67_ of the variability in gas production can be accounted for, with

gas production tending to increase as GRMIC]I increases and tending to

decrease as CI_MICH increases.

4.3.3 Total Gas Production

The upper two frames in Figure 4-4 show t:ot:algas prodLLction due to

corrosion and microbial degradation and were obtained by combining the

corresponding _-esults in F:gures 4-2 and 4-3 for gas production under humid

and inundated conditions. Typically, ].ow 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 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)

Step a Variable b SRCc R2d Stepa Variable b SRCc R2d

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 assigmnent 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 partia], rank correlation coefficients. For cumulative gas

production due to cor-_*osion, increasing BRSAT (initia] brine saturation),

CRCORI (gas-generation rate for corrosion of steel, under inundated

conditions) and CRCORH (scale factor used in definition of gas-generation

rate for corrosion of steel under humid conditions) tends to increase gas

production. Increasing BRSAT, CRCORI and GRCORH tends to increase the rate

of gas production and hence cumulative gas production. In contrast, a

negative effect is indicat:ed for STOICCOR (stoichometric factor for

corrosion of steel.), which resu]ts because increasing STGICCOR decl;eases

the amount of gas produced pelt unit of st:eel, consumed in the corrosion

process. For cumulative gas p_'oducti.orl due to microbic, 1. degradation,

CRMICI (gas-generatiotl rate due to mict'obial de.gradation of cellulosics

under i.nundatc:d conditio_.s) and BRSAT (ini_ti_tl brine saturation) haw'.
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Cumu]ative "as Production

Partial Rank Correlation Coefficient:s for Cumulative Gas Production
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Figure 4-4. Uncertainty and sensitivity analysis results for gas

generation due to corrosion of steel and microbial degradation
of cellulosics.
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4.3 Uncertainty and Sensitivity Analysis Results

positive effects at early times and then decrease in importance. [n

contrast, STOICMIC (stoichiometric coe_ficient [or microbial degradatiotl 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 I0,000 yr due to corrosion and microbial degradation,

respectively. Thus, these analyses are for the gas production values

appearing above i0,000 yr in the two upper frames of Figure 4.-4. The

regression analysis for gas production due to corrosion 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 volbme that is occupied by IDB metals and glass waste

category), with BRSAT, CRCORI and VMETAL having a positive effect on gas

production and STOICCOR having a negative effect on gas production.

Collectively, these four variables can account f_c 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 a Variable b SRC c R2d Stepa Variable b SRC c R20

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 VWOOD 0,24 0.62
4 VMETAL 0.21 0,70 4 BRSAT 0.20 0.66

, a £teps 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 variabil, ity 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 CRMIC[

(gas-generation rate clue to microbial degradation of cellulosics under
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inundated conditions), VWOOI) (fraction of tot:a] wast{, volume occtq}ied I}y

1DB combustibl.e waste category) and BRSAT (initi.a] brine saturation).

The gas production clue to corrosion and to microbial degradation can

be combined to produce the total gas production result:s showrl i.n the upper

frame of Figure 4--5. Host: sample elelnent.s show a period of rapid gas

production in the first few thousand years, with considerably reduced rat:es

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 ot!t:en

exhausted or significantly depleted after the first few thousand years.

The lower frame in Figure 4.-5 presents sensitivity analysis resul,ts

based on partial rank correlation coefficients. At early times, total gas

production is dom[nat:ed 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 degradat-ion of cellulosics under

inundated conditions), CRMICII (scale factor used i.n definition of gas-

generation rate for microbial degradation of cellulosics under humid

conditions) and BRSAT (ini_tial brine saturation), with total gas generation

tending to increase as each of these variables increases. As time

increases, GRCORI, GRCORH, GRMICI and CRMICH become less important and have

little effect on total gas generation over _0,000 yr. In contrast,

STOICMIC (stoichiometric coefficient f;o::-microbial, degradation of

cellulosics) has little effect on total gas production at early time_: 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 lO,000 yr due

to both corrosion and microbial degradation is presented i__ Tabl_e 4--5. The

first variable selected in [;he anal.ysis is BRSAT (initial brine

saturation)," which has a positive regression coefficient and can account

for 42_ of the variab:tlity in total gas production, The indicated effect

for BRSAT is consi.st:ent, wttt_ its dominant infl.uence on gas generation due

to corrosion as indicated in Figure 4-4 and Table 4-4. The. next variables

selected in t:he regression analysis are STO[CMIC (st:oichi.ometrte

coefficient, for microbial degradati_on of cellulosics) and STOICCOR

(st.oichiomet. ric fact:or for corrosion of steel), The positi.ve r{_gression

coefficient for STOtCMIC and t::he rlegative regress i.on coefficient for

STOICCOR are consistent: with the effects of thes(_ variables on gas

ge_e. rattot_ d_te to mi_c.robi,':tl degt:adatio_ _l]{t corl:{}si{}_, r'tesI,oCCJ\'c:.l_v.

Collective. ly, BRSAT, STOICblIC and S'POtCC{}R {:at_ _ccoul_t t{)i; 6{}'_ of tilt.

variability in total gas pt-ochtctioll ovt'Y I{},0(I(IvY.
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Cunltt];_i_:iv(, Ca,'-; Pt'odttu't:J.otl

Part. ial Rank Correlat::ion Coe[ficierlCs For Ctunul+at.i+ve Gas P]:oduct.:[on

GAS: TOTAl
1.00 r T .... T--'r--- u -- i ----T-----'-

+.... BRS,+.T
Z i / ....w 0.75 ,, _" _
- '. ",, "- ..GRCORI
__ , - ,, ' -._."

u_ r\ ' ,,q "+-,7"_" -ua 0.50 - _ _.---..<._.-....

o - " -, --STO,CM,cGnco' m
z 0.25 / --" "' - .... --_-L ""O \ .. . -__C- *. .... •
< _ ",,, ....................
-J ,--, "GRMICt .......

0.00 ",,,cE

o -0.25 GRMICH ""
z

rr -0.50o.J

I--
< -0.75
£L

-1,00 £ t ...... .a____£_J,_ __..L__

0.0 1.5 3.0 4.5 6.0 7.5 9.0

TIME (103 yr)
[bl_ (1342 I_'_t O

Fi.gttre /_-5. I_Jltcet't:airtty ;_llcl _'.;el_,-Jit:i. vit:y attal.ysi.s l-(+.'_;ttlt.ls [1o]7 t:ot:a], gas

pl-odttct:jot-+ dtt(,, to I+ot.l_ COITITOSi.()II O[ + st:{_el altd microbi.al

d(::grad,'lt i.ott o1 cullulostcs.

4- 17



Chapter 4, Case 3: Permeable Shaft Without Panel Seals

SLeel and Cel. lulosic IIweiltories
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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)

Step a Variable b SRC c 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
d Cumulative R2 value with entry of each variable into regression rnodel

As previously indicated, the upper two frames in Figure 4-6 show the

time-dependent steel and cellu].osic inventories associat:ed witll the

individual sample elements. The lower two fra.les present sellsitivity

analyses based on partial ral_k correlation coefficients. The steel

inventory is initially domillatecl by VMETAL (faction of total waste volume

occupied by IDB metals and glass category), with the importance of this

variable decreasing with time. T|le variables 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) and BRSAT (initial brine saturation) have negative

effects on the steel inventory. As with VMETAL, tile importance of CRCORI

and CRCORH tends to decrease, with time; in contrast, the importance of

BRSAT remains relatively fixed. The negative relationships involving

GRCORI, GRCORII 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. Tllus, increasing BRSAT increases the

amount of steel that can be consumed by corrosion before the corrosion

process is stopped due t:o brine dol)letio1_ i.llthe absence of britle inflow

from the Salado Formation. The cellulosic inventory is izlit:ia].ly dominated

by VWOOI) (fraction of total waste volulne that is occupied by IDB

combustib]e waste category), wittl tt_e i.mport:al_ce o1: ttlis variable

decreasing rapidly with time. The variable CRMICI (gas-gelmration rate due

to microbial degradat:i.on o[ cellulosics under i_m_dated conditions) shows a

negative effect on cellulosic invelltory due to its effect in increasing the

rate at which cellulosics are consuined, Similarly, BRSAT shows a negative

effect because cell.ulose is consumed more rapidly under ilmndated than

under humid conditions. The posi. ttve eftect itlcli.cated 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 gei_eration, which in turn lead to humid conditioz1s and thus

lower rates of laicrobial 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

fralne of Figure 4-7 show, increasing each of CRCORI (gas-generation rate

for corrosion of steel under inundated conditions), CRCORH (scale factor

used in definition of gas-generation rate for corrosion of steel under

humid conditions), TZPOR (scale factor used in definition of tratlsition

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 CRCORI, GRCORH, BRSAT and SALPOR

result because increasing each of CRCORI and CRCORH 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 arld

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.

4-20

I



43 LJncertainty and Sensitivity Analysis Results

(;_i._ S_ttt_tY_lt iou _ill(-I t;;t:.; Pl,(,:-;:_ttru Jil },}(,p().sitory

t IA,SSAIlIIIAI I()N GAS PllESSIIltt
1 l

I l 1 1 I f I I l I !

_,: . .... _.... -" -_..r .... -............. " I Ih ()
I

o D._T

:- ......: ,_,

!!_o n4

<,_ .__.,,--...:................ _: W////_-;¢ :/" _<,:;::--,..--_:.::.::

08(; .L....... l.. 1_ .. I ..... l J ......... l...........IL.! .................. I...... I.... £ ....

00 15 :]0 ,15 (i0 iS !i(} O0 1 .5 30 4!i 60 IB 90

TIMt (10_yr) lIME (104y I

Repos i tory

GAS SATURATION GAS PRESSURE
1OO t t t ] i _ r 1OO _-

t..- I--
z • "...... GRCORI Z

u.I 0.75 .-."i_.\ -....',O ; _ (D 0.75 t'_.. ""-. ',

u- GRCORH,. " I I ', ". >::'""'..

o Ji\:" ...... ".................

u f-,, \ ---" u .....
z ," - .......... z I i ',,,, _,._ . GRCORH
o o._s ', " o o._5,,11 "', \ .... -,--' -

I \ STOICCOR" ...... _-:_ .., ,.,, . . ..,-.

L_ 0.00 __..,.z....................... m 0.OO - .. ..

rr "----_ _ - - " 'GRMIClO O "-

O:_-0.25 /_"'_'_ TZPOR _ O,,,,-0.25 I i "--, SEALPERM/" - - \

Z lil I \ .- - .,, ____ Z II _ FZPOR

-. rr -0.50 '-- -

SALPOR _ "_ <_ .,_ .._ ,,._..... ..... _ _ _
t--- -0.75-0.15 BRSAI rr

-1.00 __ l L__..J. .... 1.OO LJ----_L- .1,
0.0 1,5 3.0 4.5 6,0 7.5 9.0 0,0 1,5 30 4.5 6.0 7,5 9.0

TIME (10:3 yr) TIME (103 yr)
TI_U_,'143 191F-K)-O TRI _4,'_ 1061 0

l"J,l-:,tii, c' I1-7. [!iic, ul't_iiill, v _iii(t nuilsitivitY ali,'ilVSi,<; 1-_,s_tllt:s For _iVttl'_iBo }_is

.<-;_ittil'_-it i_)i/ _lli(| l,_t:-; t)lt_._;_tiit ' ill r_,f)t).sitoiy.

tt-21



Chapter 4. Case 3: Permeable Shaft Without Panel Seals

Total and Net Brine Inflow to Repository
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Figure 4-8. Uncertainty atLd sensitivity analysis results for total and net:
brine inflow to repository.
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4,3 Uncertainty and Sensitivity Analysis Results

Only one sample element produces gas pressures that are close to the

lithostatic 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 I0,000 yr

are presented in Table 4-6. These analyses are for the gas saturation and

gas pressure values appearing above i0,000 yr in Figure 4-7. For gas

saturation at I0,000 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 is 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 i0,000 yr.

For gas pressure at i0,000 yr, BRSAT (initial 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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Chapter4. Case3: PermeableShaftWithoutPanelSeals

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

Step a Variable b SRCc R2d Stepa Variable b 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
d Cumulative R2 value with entry of each variable into regression model

Table 4-7. Stepwise Regression 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 a Variable b SRCc R2d Stepa Variable b SRCc R2d

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 BRSAI -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
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

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 sea] 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 SEALPEP@I 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 I0,000 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 i,

where there is a substantial difference between total and net inflow. As

shown in Figure 4-8, brine inflow is contro1.1ed 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 permeabil, ity), 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 at_d 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 i0,000 yr (i.e., for the brine inflow values

appearing above I0,000 yr in Figure 4-8). The positive effects for SALPOR

and MBPERM result because increasing SALPOR increases the reservoir of

brine in the Salado Forlnatioll potentially available for flow to the

repository and increasiilg MBPERM reduces the resist:ance 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 tlle negative

effects indicated for BCBRSAT and TZPOR result from the role that these

variables play in t}_e definitio_ off effective permeabilities for the

transition and disturbed rock zones.

The 1.991 WIPP performance assessment did not directly model, closure of

the waste panels. However, possi.ble 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, Case3: Permeable Shaft WithoutPanel 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 i 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. In

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. In

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-I0, sensitivity analysis results based on partial

rank correlation coefficients can be used to determine the individual

variables that are controlling the unce'r6ainty 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 (permeability in anhydrite marker beds

in Salado Formation under undisturbed conditions), with the importance of
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Figure 4-9. Gas barrier pressures in Computatioz_al Cells (7,6), (7,8) and

(7,15), gas pressures in Computational Cells (8,6), (8,8) and

(8,15), and differences between gas bar]-ier pressure and gas

pressure foz- adjace_t computational ce].l.s. Location of

i.ndividua], c'omputat._o_al cells is show_ l_ F_.gure 4-i. Cells

are identified by an ordered pair indicating cell and layer

number in the computational g_:ict.
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Figure 4-i0. Partial rank correlation coefficients for gas barrier

pressures in Computational Cells (7,6), (7,8) and (7,15), gas

pressures in Computational Cells (8,6), (8,8) and (8,15), and

differences between gas barrier pressure and gas pressure for

adjacent computational cells. Location of individual

computational cells is shown in Figure 4-1. Cells are

identified by an ordered pair indicating cell and layer number

in the computational mesh.
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4,3 Uncertaintyand SensitivityAnalysisResults

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 increasing 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, llowever, 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. Interestingly, 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 Flowthrough Shaft Seal

A summary of the results tor 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

m 3 over I0,000 yr. As the sensitivity at_a|ysis in the lower left frame of

Figure 4-1.1 shows, gas flow tllt-ougt_ the seal is dominated by BRSAT (initial.

brine sa__uration), CRCORI (gas-generatioll rate for corrosion of st:eel under

inundated conditions), SEAI_PERM (shaft. seal permeability), CRCORII (scale
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Cumulative Gas and Brine Flow through Shaft to Culebra
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Figure 4-II. Uncertainty and sensitivity analysis results for cumulative

gas and brine flow through shaft to Culebra.
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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 I0,000 yr is presented in Table 4-8, The cumulative gas flows

used as values for the dependent variable in this regression analysis

appear above I0,000 yr in the upper left frame of Figure 4-11. The

variables BRSAT (inltial brine saturation), CRCORI (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 positlw., 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, CRCOR], SEALPERM and TZPOR can

account for 67_ of the uncertainty in cumul_tive gas flow through the shaft

over i0,000 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 permeability) and TZPOR (scale factor

used in definition of transition zone and disturbed rock zone porosity),

with plots using logarlthmlcally-transformed variables appearing in the

left column of Figure 4-12 and plots using rank-transformed variables

appearing in the right column of Figure 4-]2. An i.llteresting pattern

involving BRSAT and SEALPERM appears in Figure 4-12, with the 15 zero gas

flows ali associated with the smaller values of BRSAT but a we11-defined

relationship existing between SEAI.PEILM and the nonzero gas flows. In
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Chapter4. Case3: PermeableShaftWithoutPanelSeals

Table 4-8. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Ga_ and arlne
Flow through Shaft Seal over 10,000 yr.

Cumulative Gas Flow (m3) over 10,000 yr Cumulative Brine Flow (m3) over 10,000 yr

Stepa Variable b SRCc R2d Stepa Variable b SRCc R2d

1 BRSAT 0,62 0.37 1 BRSAT 0.43 O.16
2 GRCORI 0.35 049 2 SEALPERM 0.40 0.32
3 $EALPERM 0,31 0,60
4 TZPOR -0,26 0,67

a Steps In stepwise regression analysis
b Variables listed ill 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

particular, a stronger lI.near relationship (in razlk or log space) exists

between SEALPERM and the tm1_zero gas flows tha_l exists bet:weell BRSAT and

tile nonzero gas flows, tlowever, because the zero gas flows are associated

with the smaller values of BRSAT but are spread rax_do,lly over tile ratlge of

SEALPERbl, the regress|o_l allalysts |.n Table 4-8 Identif|e.s BRSAT as having a

stronger relattol_ship wit}_ gas flow than SI';AI.PFRM. As tl_e l'atlk scatt:c_rplot:

for TZPOR shows, gas flow t:hroug}_ the sllaft tellds t.o dc'c. rea:;e as TZPOR

t.ncreases, although there is coI_slderable variability arotu_d this t-relld.

Cumulative brt_m flow t_o the Culebra ts shown in the upper right frame

of FLgure 4-11, Opl;, 16 of l:.he 60 sample elexnent.s result iI_ brine flow

through the shaft to the Culebra. Further, t:he flows that do occur tend to

be small (i.e., _<-60 m3 over 10,000 yr). A sel_sitlvLt.V almlysts based on

partial rank co,'relation cocift_ctents for cumulative brllm flow t:o tt_e

Culebra is presented in tee lower right frame of Figure 4-1I. Positive

effects are Lndt.cat-ed for BRSA'F ([xlitial brl.lm saturat|otl), CRCOR[ (gas-

generat ion rate for corl'os 1Oll Of ste(_l tlllctel" [llttl_dated eo_dt, t lol_s) at_d

SEALPERM (shaft seal permeabilit:y). Tl_e posittvt-' effects for BRSAT al_d

SEAI.PERM result: because inc re,l.'; tll_, BRSAT reduces t:lt_ alllotHit: of addt t 1otlal

br[ne requt red to fi 11 the repos t.tory alld inc reasi Ilg SEAI,PERM redttces

resistance to brilm flow up t:l_e shaft. 'l'tle reaso_ for tt_e sel. ectio_ of

CRCORI Is not appare_t: and could be spurious. As a renni_der, o_ly 16 of

the 60 sample elelne_ts re.,i_lted i_ tm_zero I)rL_¢, flows t.o tht_ (:ulebra.

'l'}_is large _nm_ber of :,ere valtws makes it ditficttlt lot I_artial corrclatiox_

coefft.c, ients to td_:n_t, ii:y t.l_' domi_at_t varial_lt, s _,_d _lso [llCl't_lSt.,s tl_e

likelihood tl_at spuriotts variables wi I1 I_{, :.;elcctt,_l. Tilt, stt, pwist_
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43 Uncertainty and $en_itivtty Analysis Results
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Figure 4-12, Scatterplots for cumulative gas _low through shaft seal over

10,000 yr with raw and far,k-transformed data for the

variables BRSAT ([nltlal briz_e saturatlon), SEALPERM (shaft

seal permeab[]|.ty) anti TZPOR (scale factor used in definition

of tra_sltlo_ zone a_d disturbed rock zone porosity),
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Chapter 4. Case3: Permeable Shaft Without Panel Seals

regression analysis ltl Table 4-8 for cumulative brlim flow to the Cul.c_bra

over 10 4 yr Indicates posit tve effects for BRSAT arid SEAI,I_ERM, but wit:li an

R2 wllu(_ of only 0.32.

The. scatterplots in Flguro 4-13 provide more Itlsight, ovl the variables

control, ling brine flow to the Culc,_t)ra tllati the partial c,.orrc_lat, lorl analysis

t il Figure 4-11 or the st e.l_WiSe regrusston at_alysls t_t "r;tblc_ 4.-8, As ,,_howit

t tl these st'at t.erp lots, t.h(, rc_ i s a w(_ l 1 - de f'l lied i:'o I a t. i orlsh t p be Lweei/ br i lie

flow and SEA1J'I,'RM (sitaft seal poHtieab|i|ty), wfttl bi'irtc, fl(Iw telidtng t:o

ttlc'rc_asa as SEALPERM llw. rea_es, tlowever, as was t.lle ca,,_o for gas flow,

tills relatiollship Is collipl ic.at.c, cl t_y tile app<'irellt r_illdoll! al_Pc, arancc: of zero

bri.tle flows scattereci over l lie rarl_,c_ oF SEA1,PI';I_M. As sllowil by the

scatterpiots for BRSAT (tttit:lal brI.lle ,_aturatloil), t.h(:sc: z_ro flows tetid to

be associated wltll the sm,'lllc:r valuos of BRSAT. Also, till' sc_lt, torplot::s for

TZPOR (scale factor used tzl (Ic'[ltntt. i(Jtl of tr_-Jtlslt loll zollo iitlci disturbed

rock ZOlle pol'os[Ly) stlp, gt,.,-it t.ltat t.:llel'o ill;iy ill,rio })t! ;i t t:lltJi,ilcy [()1" Z(!l'O

britie flows t.o he as:iociat(,¢l witll ]argt_r valtlus for 'l'Zi'(fl_. 'Flit, ass(_t:iattoli

of zero brltle [lows wlth ._mall valuos oI BR,_AT rt,st=lt.,; l)ec:alti._e of botll III01"0

voltilll(' [:01" Stol'_Ig(; Of brivi_, flowlllv lllto Ill(, wa.,it_, pali(,l arid Iv_creast,d

c_'ollslu,ptloll of thI.,_ brlllo Ivl c:orrosloll ol sleel _ll(l nllc'rc_l_ial dc, gradatloi_

of c:(_l]u]oslcs. If tllt, as._ioc:latlovl of zer(_ brlvli_ Ilow.'i witll tlle larver

wl]ues o[ TZP()R Is real, it prob:il)ly rc:s_ilts bc,_cause i vlcroasln B TZI?()R

lllcre_i.':les tl|o pore w_lume Ill tllo di._turbed rock z(,lle avallahle for the

stoFag(' ()[' bria(,.

4.4 Discussion

'r)lo Zlliiotlllt t)f britte rea(,llitlg t.ll(, repo,,-iltory 1.<; liot. ,'_cI,,ClUatu t:o asstil-e

t}l[, COll.,Itllll]'lt ]()ll of tlx(, sto(,l attd c'ellulo,'_ic il|vt, ilttil'it:.'-; by ,.ovi'ovitoIi tllid

mlcrol)ial dt:gi'adatiotl. 'l'll(, seli._Itivlty ill|ii]y};O,_; iil(llcatc tllat tlle d()llliii_iLo

varlablo witll resp(,ct: to tot_il ._;tt_el alld ('el ltilo._Ic c¢_lls_iml_tloll is |tilt ial

l)i'iil(_ sat:uratloil of ttio wliste, wltl_ total C.OliStillll)t tot_ sllowil_t; a ti;lidOli(:V to

tiicrt:ii._;( , ll.,-i iilitial t)l'lilo .<;iiltll';illClli tiicrc_a_(,,,-i. Ill CC)li_i,qlt,iic- 7 wltti ilie

c:orrosl()ll ailil intcr(ibt,'il cll,t,i'iicl,'il Ioii lii'oc(,;-;_,._i tl(,liit; llrliil, l illiii(,cl,

varlat)les affectilig tile+ I'iitl,,,i (it ltit_.,4(: l/l'()ct,.<;_t_,q al-i;, llllllOi't_ilil tor

Ctllntlltitlvt: ga,'-i lirodticl l(lli ;il (,iil']y t llll(:.<¢ Iltit <'iFt, It_,_i,<i illlp(litalit tot tectal

g_l_ pl-tiduc, tloli (iVOl- i(),()()() 7r. 'l'lio celitllcl..ilc liiv(!liltll" 7 I_ illlll't! llkel 7 to

llo colnplt, iol7 c.oil,_Ullii,d tliaii tlio .<il/,l_l lliV(_litor 7.

For inost .,-lallipl(_, o. leilieilt.,4, tllu g_i;-i sattll'Ul, tOll aVol'at;c,d over tilt; elitil'l:

l'el_ository o:-:t:eod,_i 0,9 witlllil il tuw litllidrt:d yt_als of lol)o.'-;f, tol.'y clostlro.

'I'lltl,.i, Ill'lilt: .qil[tll'_tt tilil i,q lit, low l'(_,'_[(ltili] Silttil'itt [Oll tit IIl(i._;t o] [tit!

i'op(isitol'V, 'l'llls low I)l'iilo .'ililiii'al loll t)l'ocliidt'.<; lit'till, fl(iw llirotit!,li IIio

a,_i,_iclcl_itl,(l i-i,t, ioil;i ()[ lilt, I(,llo,',;llili" 7. A,_; ;i rt,,,-itill , i';idl(lliticl Idl:;; Calili(it Ill,
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Figure /_-13. Scatterplots for culnulative brirle flow through shaft seal over

i0,000 yr with ['aw and ['ank-transformed data for the variables

BRSAT (initial bl'i.ne satu['ation), SEALPERM (shaft seal

pel'meability) and TZPOR (scale factor used in definition of

trausition zone and disturbed rock zone porosity).
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Chapter 4. Case 3: Permeable Shaft Without Panel Seals

transported out of most of the repository by flowl.g brlrle under the

conditions that existed ill this analysis.

The short, low |,ermeabllity 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, Its

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

plessure, the initial pore volume of the repository was set to the volume

necesssry to contain all potential waste-generated gas at lithostatic

pressure (i,e., 14.8 MPa). As a result, gas 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 wa.,.;little gas movement away from the repository in the

anhydrite marker beds, For most sample elements, g._s pressure did not rise

to levels necessary to exceed the gas barr:Ler pressures associated with

undisturbed anhydrite.
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5. DISCUSSION

Five primary topics were investigated in this analysis: (i) gas

production due to corrosion, (2) gas production due to microbial

degradation, (3) gas migration into anhydrite 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-I.

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 Signilicant 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
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Chapter 5, Discussion

Initial brine saturation in the waste was the most important variable

with respect to total gas production due to corrosion. 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 I0,000 yr. For most

observations, gas generation due to corrosion stopped before I0,000 yr due

to either brine depletion or steel depletion, with the result that the rate

of corrosion was not the dominant factor in determinJ.ng the amount of gas

produced over i0,000 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 i0,000 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 cell.ulosics. Overall, the

cellulosics showed a greater tendency to be completely consumed over i0,000

yr than was shown by steel.. The amount of gas produced by corrosion tended

to be several times the amount o[ gas produced by microbial degradatiorl.

This difference between total gas production results in large part from the

stoichiometric coefficient for microbia] 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
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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: (I) Fully

consolidated shaft, (2) System of shaft seals with panel seals, and (3)

Single shaft seal without panel seals. Case i 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. In 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. Initial 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.

5-3



REFERENCES

Allen, D.M. 1971. The Prediction Sum of Squares as a Criterion for

Selectin E Predictor Variables. Report No. 23. Lexington, KY: Department

of Statistics, University of Kentucky. (Copy on file at the Waste

Management and Transportation Library, Sandla National Laboratories,

Albuquerque, NM.)

Bertram-Howery, S.G., and R.L. Hunter, eds, 1989. Prellminary Plan for

Disposal-System Characterization and LonE-Term Performance Evaluation of

the Waste Isolatlon Pilot Plant, SAND89-OI78. Albuquerque, NM: Sandla

National Laboratories.

Bertram-Howery, S.G,, M.G. Marietta, R.P. Rechard, P.N. Swift, D.R. Anderson,

B.L. Baker, J.E. Bean, Jr., W. Beyeler, K.F. Brlnster, R.V. Guzowski, J.C.

Helton, R.D. McCurley, D.K. Rudeen, J.D. Schrelber, and P. Vaughn. 1990.

Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste

Isolation Pilot Plant, December 1990. SAND90-2347. Albuquerque, NM:

Sandla National Laboratories.

Beyer, W.H., ed. 1968. CRC Handbook of Tables for Probability and

Statistics. 2nd ed. Cleveland, OH: Chemical Rubber Co.

David, F.N. 1938. Tables of the Ordinates and Probability InteEral of the

Distribution of the Correlation Coefficient in Small Samples. London,

England: Biometrlka Office, University College; Cambridge, England: The

University Press.

Davies, P.B. 1991. Evaluation of the Role of Threshold Pressure in

Controllin E Flow of Waste-Generated Gas into Bedded Salt at the Waste

Isolation Pilot Plant. SAND90-3246. Albuquerque, NM: Sandla National
Laboratories.

Draper, N.R., and H. Smith. 1981. Applied Regression Analysis. 2nd ed.

New York, NY: Wiley.

Helton, J. C. 1983. "Health Effects Associated with Unit Radionucllde

Releases to the Environment," Technical Assistance for Regulatory

Development: Review and Evaluation of the Draft EPA Standard 40 CFR 191

for Disposal of High-Level Waste. NUREG/CR-3235, SAND87-1557.

Albuquerque, NM: Sandia National Laboratories. Vol. 5.

Helton, J.C. [1992.] "Uncertainty and Sensitivity Analysis Techniques for

Use in Performance Assessment for Radioactive Waste Disposal," Reliability

EnEineering and System Safety. (Copy on file at the Waste Management and

Transportation Library, Sandla National Labcratorles, Albuquerque, NM.)

Helton, J.C., J.W. Garner, R.D. McCurley, and D.K. Rudeen. 1991.

Sensitivity Analysis Techniques and Results for Performance Assessment at

the Waste Isolation Pilot Plant. SAND90-7103. Albuquerque, NM: Sandla
National Laboratories.

R-I



References

Helton, J.C., J.W. Garner, R.P. Rechard, D.K. Rudeen and P.N. Swift. 1992.

Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste

Isolation Pilot Plant, December 1991, Volume 4: Uncertainty and

Sensitivity Analysis Results. SANDgl-0893/4. Albuquerque, NM: Sand[a
National Laboratories.

Iman, R.L., and W.J. Conover. 1979. "The Use of the Rank Transform in

Regression," Technometri.cs. Vol. 21, no. 4, 499- 509.

Iman, R.L., and W.J, Conover. 1982, "A Distribution-Free Approach to

Inducing Rank Correlation Among Input Variabies," ColmnUni.cations in

Statistics: Simu]ation arid Computation. Vol I], no, 3, 311-334.

Iman, R.L., and J.M, Davenport. 1982. "Rank Correlation Plots for Use with

Correlated Input Variables," Communications in Statistics: Simulation and

Computatiot_. Vol. Ii, no. 3, 335-360.

Iman, R.L., and M.J. Shortencarier. ]984. A FORTRAN 77 Program and User's

Guide for the Generation of l.atJn llypercube and Random Samples for Use with

Computer Models. NUREG/CR-3624, SAND83-2365. Albuquerque, NM: Sandl.a

National Laboratories.

Iman, R.L., J.M. Davenport, E.L. Frost, and M,J. Shortencarier. [980.

Stepwise Regression with PRESS and Rank Regression (Program User's Guide),

SAND79-1472. Albuquerque, NM: Sandia Natlona] Laboratories.

Iman, R.L., M.J. Shortencarier, and J.D. Johnson. 1985. A FORTRAN 77

Program and User's Guide for the Calculation of Partial CorreiatJon and

Standardized Regression Coefficients. NUREC/CR-4122, SANI)85-0044.

Albuquerque, NM: Sandia National Laboratories.

Lappin, A.R., R.L. }tunter, I).P. Gather, P,B. l)av[es, R.L. Bcauheim, D.J.

Borns, L.lt. Brush, B.M. Butcher, T. Cau.ffman, M.S.Y. Chu, I,.S. (;omez, R.V.

Ouzowski, }t,J. Iuzzoltllo, V. Kelley, S.J. Immbert., M,(;. Marietta, J.W.

Mercer, E.J. Nowak, J. Ptckeiis, R.P. Rechard, M. Rt:eves, K,I,. Robinsoll, aIid

M.D. Siege. l. 1989. Systems Al_alysis, Lo_2g-7'c, rm Radio_l_clide 7'ratTsport,
az2d Dose Assessments, _?ast:e Isolat:ion Pilot Plat_t: (WIPP), Sotltheastern New

Mexico; March 1989. SAND89-0462. Albuquerque, NM: Sandia National
l,aboratories.

Marietta, M.G., S.G. Bertram-flowery, D.R. AndersoIl, K.F. Brirlst:er, R.V.

Guzowsk[, H. luzzolino, and R.P. Rechard. 1989. Performance Assessment

Methodology Demonst:ration: Methodology DeveJopment for Evaluating

Compliance with EPA 40 CFR 191, Subpart B, for t:he Waste Isolat:ion Pilot

Plant. SAND89-2027. Albuquerque, NM: Sandia National l,aboratories.

McKay, M.D., R.J. Beckma_l, and g.J. Cotlover. 19/9. "A Comparison of Three

Methods for Selecting Values of Input Variables in the Analysis ot Output

from a Computer Code," Teclu_ometrics. Vol. 21, no. 2, 239-245.

R-2



References

Nowak, E.J., J.R. Tillersoil, and T.M. Tortes. 1990. lt2it:ial Referetzce Seal

System Design: Waste Isolation Pilot Pla_t. SAND90-0355. Albuquerque,
NM: Sandta National Laboratoric:s.

Powers, D.W., S.J. Lambert, S-E. Shaffer, L,R. llill, and W.D, Weart, eds.

1978. Geological Characterizat:ion Report, Waste Isolation Pilot Plant

(WIPP) Site, Southeastern New Mexico. SAND78-1596. Albuquerque, NM:

Sandia National Laboratories. Vols. i-I[,

Rechard, R.P., W. Beyeler, R.D. McCurley, D.K. Rudeen, J.E. Bean, and J.D.

Schrelber. 1990. Parameter Sensitivity St-udles of Selected Components of

the _laste Isolation Pilot Plant Repository/Shaft: Systems. SAND89-2030.

Albuquerque, NM: Sandia Natlona] l,aboratories.

U.S. DOE (Department of Energy). 1980. Fitla] Etlvironmenta] Impact

Statemellt: Waste Isofatiotl Pilot Plaz_t:. I)OE/l,_IS-O026. Washington, DC:

U.S. Department of El_ergy. Vols. 1-2.

U.S. DOE (Department of Enel'gy). 1990. Final Supplemotlt E_vironmezltal

Impact Statement, Waste lsolatiol7 Pilot Plmlt:. I)OE/EIS-OO26-FS,

Washington, DC: U.S. Department of Et_ergy, Office of Environmental
Restoration and Waste Management, Vols. I.-13.

U.S. DOE (Department of Energy), 1991. Strategy for the Waste Isolation

Pilot Plant Test Phase, Revised Draft #3. DOE/EM/48063-2. Washington, DC:

U.S. Department of Energy, Office of Waste Operations. (Copy on file at the

Waste Management and Transportation l.ibrary, Sandia National Laboratories,

Albuquerque, NM.)

U.S. EPA (Environmental Protection Agency). 1985. "Environmental Standards

for the Management and Dl.sposal of Spent Nuclear Fuel, Htgh-Imvel and
Transuranic Radioactive Wastes; Final Rule, 40 CFR Part: 191 ," Federal

Register. Vol, 50, no. 182, 38066- 38089.

U.S, EPA (Environmental Protection Agency). 1986. "I.and Disposal
Restrictiotls," Code of Federal Re_.t_lat ioz_s 40, P_rt 268. Wasllington, I)C:

Office of tile Federal Register, Nat iolml Archives axial Records
Administ rattol_,

Voss, C. I . l 974. SU?'RA (S,_tt ttr,'it ed-Ultsot:ttt',:tt c;(t 7"r,:ttlsport) : A t.'it_i te-l';le.met_t

SimtlJ_Jtioz_ Node] for S,_ttzr;_tect-IJt_si_t_zrat_,ct, t.'lllid-Det_sitv-Depet_det2t Gro_md-

Water Flow with Et_ergy Tr,:_z_sport or Cl_emic_llv-t<'_,,:_ct ire Si_gle-Species

Solute Transport. Wat:er-l{e._;ource:; l_vest:igattot_s Report 84-4369. Rest:ot_,

VA: U.S. Geological Survey National Ce_ter.

W1PP PA (Performance Assessment) l)ivlsio_. 1991a. Prelimit_ary Compariso_

with _0 CFR Parr 191, Subpart B for the Waste Isolation Pilot Plant,

December 1991, Volume i: Methodology at_d Results. SAND91-0893/1.

Albuquerque, NM: Saz_dia N_t::tonal Laborat:ories.

R - 3



References

WIPP PA (Performance Assessment) Division. 1991b. Prelimlnary Comparison

with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot Plant,

December 1991, Volume 2: Probabillty and Consequence Modelin@.

SAND91-0893/2. Albuquerque, NM: Sandla National Laboratories.

WIPP PA (Performance Assessment) Division. 1991c. Prellmlnary Comparlson

with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot Plant,

December 1991, Volume 32 Reference Data. SAND91-0893/3. Albuquerque, NM:

Sandia National Laboratories.

WIPP PA (Performance Assessment) Department. 1992. Long-Term Gas and Brine

MIEratlon at the Waste Isolation Pllot Plant: Preliminary Sensitivity

Analyses for Post-Closure 40 CFR 268 (RCRA), May 1992. SAND92-1933.

Albuquerque, NM: Sandla National Laboratories.

R-4



DISTRIBUTION

(Send Distribution list changes to M.M Gruebel, Dept. 6342, Sandla

National Laboratories, PO Box 5800, Albuquerque, NM 87185-5800)

Federal Ageneles US Department of Energy
Office of Environmental Restoration

US Department of Energy (6) and Waste Management

Office of Civilian Radioactive Waste Attn: S. Schneider, EM-342,
Management Trevion II

Attn: Deputy Director, RW-2 Washington, DC 20585-OOO2
Associate Director, RW-IO/50

Office of Program and US Department of Energy (3)
Resources Management WIPP Task Force

Office of Contract Business Attn: G.H. Daly

Management S. Fucigna
Director, Analysis and B. Bower

Verification Division, RW-22 12800 Middlebrook Rd., Suite 400

Associate Director, RW-30 Germantown, MD 20874
Office of Systems and

Compliance US Department of Energy (4)

Associate Director, RW-40 Office of Environment, Safety and
Office of Storage and Health

Transportation Attn: R.P. Berube, EH-20

Director, RW-4/5 C. Borgstrum, EH-25
Office of Strategic Planning R. Pelletier, EH-231

and International Programs K. Taimi, EH-232

Office of External Relations Washington, DC 20585
Forrestal Building

Washington, DC 20585 US Department of Energy (6)

WIPP Project Integration Office
US Department of Energy Attn: S. Alcorn

Albuquerque Operations Office W.J. Arthur llI

Attn: National Atomic Museum Library J. Coffey

PO Box 5400 L.W. Gage

Albuquerque, NM 87185 P.J. Higgins
D.A. Olona

US Department of Energy (2) PO Box 5400

Office of Environmental Restoration Albuquerque, NM 87115-5400
and Waste Management

Attn: EM-I US Department of Energy (2)

C. Frank, EM-50 WIPP Project Integration Satellite
Washington, DC 20585 Office

Attn: R. Batra

US Department of Energy (3) R. Becket

Office of Environmental Restoration PO Box 3090, Mall Stop 525
and Waste Management Carlsbad, NM 88221-3090

Attn: M. Frei, EM-34, Trevion II

Director, Waste Management Projects US Department of Energy (IO)

Washington, DC 20585-0002 WIPP Project Site Office (Carlsbad)
Attn: A. Hunt (4)

US Department of Energy V, Daub (4)

Office of Environmental Restoration J. Lippis
and Waste Management K. |[unter

Attn: J. Lytle, EM-30, Trevion II PO Box 3090

Washington, DC 20585-0002 Carlsbad, NM 88221-3090

Dtst-1



US Department of Energy US Department of Energy (2)

Research & Waste Management Division Chicago Operations Office

Attn: Director Attn: J.C, ||augen
PO Box E 9800 South Cass Avenue

Oak Ridge, TN 37831 Argonne, IL 60439

US Department of Energy (2) US Department of Energy (3)

Idaho Operations Office Rocky Flats Area Office
Fuel Processing and Waste Attn: W.C. Rask

Management Division G. }luffman
785 DOE Place T. Lukow

Idaho Falls, ID 83402 PO Box 928

Golden, CO 80402-0928

US Department of Energy

Savannah River Operations Office US Department of Energy

Defense Waste Processing Dayton Area Office

Facility Project Office Attn: R. Orandfield
Attn: W.D, Pearson PO Box 66

PO Box A Miamlsburg, OH 45343-0066
Aiken, SC 29802

US Department of Energy

US Department of Energy (2) Attn: E. Young

Richland Operations Office Room E-178

Nuclear Fuel Cycle & Production GAO/RCED/GTN

Division Washington, DC 20545
Attn: R.E. Oerton

825 Jadwin Ave, US Bureau of Land Management
PO Box 500 Carlsbad Office

Richland, WA 99352 i01 E. Mermod

Carlsbad, NM 88220

US Department of Energy

Office of Geologic Disposal US Bureau of Land Management

Yucca Mountain Project Office New Mexico State Office
Attn: Associate Director, RW-20 PO Box 1449

PO Box 98608 Santa Fe, NM 87507

Las Vegas, NV 89193-8608
US Environmental Protection

US Department of Energy (3) Agency (2)

Nevada Operations Office Radiation Protection Programs

Attn: J.R. Boland Attn: M. Oge

D. Livingston ANR-460

P.K. Fitzsimmons Washington, DC 20460

2753 S. Highland Drive

Law Vegas, NV 89183-8518 US Environmental Protection

Agency, Region 6

US Department of Energy (2) Attn: C. Byrum, 6T-ET
Technical lnformatlon Center 1445 Ross Ave.

PO Box 62 Dallas, TX 75202

Oak Ridge, TN 37831

US Geological Survey (2)

US Department of Energy Water Resources Division
Los Alamos Area office Attn: C. Peters

528 35th Street 4501 Indian School NE

Los Alamos, NM 87544 Suite 200

Albuquerque, NM 871.10

Dist-2



US Nuclear Regulatory Commission Bob Forte,st

Dtvtslon of Waste Management May.r, City of Carlsbad
Attn: H. Marson PO Box 1569

Mall Stop 4-H-3 Carlsbad, NM 88221

Washington, DC 20555

Carlsbad Department of I)evel.optnetlt
US Nuclear Regulatory Cc)nmnls.c;Iotl (4) Executive Dlrector
Advisory Committ:ee on Nuclear Waste Attn: C. Bernard
Attn: D. Moeller PO Bo× I090

M.J. Steindler (:arlsbad, NM 88221

P.W. Pomeroy
W,J. llltme New Mexico Envirotmlent Department

7920 Norfolk Ave. Secretary of the Envtrot.nent (3)
Bethesda, MD 20814 Attn: J, Esplnosa

PO Box 968

Defense Nuclear Facilities Safety 1190 St, Fro, nets Drtve
Board Satlta Fe, NM 87503-0968
Atttl: D, Winters

625 Indiana Ave. NW New Me×leo F,nvlrot.nent Departme_nc
Suite 700 Attll: P, MeCaslatul

Washington, DC 20004 WII'P Project Site Of*flee
PO Box 3090

Nuclear Wast:e 'l'echnleal Revlew Board C:arlsbad, NM 88551-3090

Atttl: l, ibrary (2)
1100 Wilson Blvd, N¢,w Me×leo State l,:ngtneor's Office
Suite 910 At:tIl: M, Clmdlloft

Arlington, VA 22209-2291 PO Box 2b102
SL||][/I l?e, NM 87504-5102

Energy algol Science Dtvtsloll
Office of Mat_a/,,.,t,l||_,t_t al_(l Butlg¢,l l,:nvirt)l|l|Wlltal t,:val_uttlon Group (5)
Attti: K, Yu|'ack() Att.tl: R, Nt;t|l

725 1/th Street NW 7001 Wyo,|ltlg Blvd, NE, Sut t:e !"-2

Washit_gtoll, DC 20503 Alhucitwrq_le, NM 8/109

State Agencies Advisory Committee on Nuclear
Facility Safety

New Mexico Bureau of MtIles
and Mineral Resources Johl_ F, Aheari:e.

Socorro, NM 8180l Execzuttve Direct:or, Sigma Xt
99 Alexander Drive

New Mexico F,lu_|'gy,Minerals av_cl Research 'l'rlal_gle Park, NC 2//09
Natural Resources Depart:me,hi
Attvi: l.ibrarlali James E. Mart:in
2040 Sout:h Pachc, co 109 C)bservatory Road

Santa Fe,, NM 87505 AIul Arbor, HI 48109

New Mexico Eimrgy, Minerals az_d WIPP Panel of National Research Council's
Ha t:ura I Re sourc es Depa r t .|el,t: Board on Radioactive Waste Management
New Mexico Racitoacttve Task l,'orc.e (2)

(Gow_rnor's WII'P Task Force) c;harlc:s Falrlmrst, (;llalriv|all
Attn' A. [.ockwood. Chalr.laxl I)epartmexlt of Ctvll and

C, Wellt:z, t'olicy Analyst: MLneral L'higillc'erilig
2040 South Pac+'lleco LYxlIve rs i t:y o f M1t.tc, sc_t a

SaI_ta Fe, NM 8/505 bOO Pillsbury Dr, St':
Mll.:¢,apol 1...;, MN 55455-0220

l) ist-3



John O, Blomeke Thomas If, Pigford
3833 Sandy Shore Drive Departlnent of Nuclear Engineering

Lenolr City, TN 37771-9803 4159 Etcheverry }fall
University of California

John D. Bredehoeft Berkeley, CA 94720

Western Region Hydrologist
Water Resources Division Thomas A, Cottot_

US Geological Survey (M/S 439) JK Research Associates, Inc.
345 Middlefiald Road 4429 Butterworth Place NW

Menlo Park, CA 94025 Washington, DC 20016

Rodney C, Ewlng Robert J. Budnitz

Department of Geology President, Futur_ Resources

University of New Mexico Associates, Inc,

Albuquerque, NM 87131 2000 Center Street, Suite 418

Berkeley, CA 94704
B. John Garrick

PLG, Inc, C. John Mann

4590 MacArthur Blvd. Department of Geology

Suite 400 245 Natural History Bldg.

Newport Beach, CA 92660-2027 1301 West Green Street
University of illinois

Leonard F. Konikow Urbana, IL 61801

US Geological Survey
431 National Center Frank W. Schwartz

Reston, VA 22092 Department o[ Geology and Mineralogy

The Ohio State University
Jeremiah O'Driscoll Scott Hall

505 Valley Hill Drive I090 Car.lack Rd,
Atlanta, CA 30350 Columbus, Oil 43210

Chris G, Whipple National Laboratories
ICF Kaiser Engitmers
1800 Harrison St, Argonue National Laboratory (2)

Oakland, CA 94612-3430 Attn: A. Smith
D, 'romasko

National Research Council (3) 9700 Sout:h (:ass, Bldg, 201

Board on Radioactive Argonne, IL 60439

Waste Management
RM I{A456 Battelle Pacific Northwest

Attn: P.B, Myers (2) Laboratory (2)
G,J. Grube Attn: S, Bat(_.s

2101 Constitution Ave. R.E, Wester,,an

Washington, DC 20418 MSIN P8-44
Battelle Boulevard

Performance Assessment Peer Review Panel Richland, WA 99352

G. Ross Heath Idaho National Eugineer[llg

College of Ocean and Fishery Laboratory (2)

Sciences, HN-15 Attn: H. l.oo
583 He.nderson Hall R. KliI_ger

University of Washington Mail Stop 5]08

Seattle, WA 98195 Idallo Falls, If) 83403.4000

Dist-4



Los Alamos National Laboratory (5) City of Albuquerque

Attn: B. Erdal, CNC-II Public Works Department

M, Ennis, HS-12 Utility Planning Division

Mall Stop ,1900 Attn: W,K. Summers

S. Kosiewlcz, EM-7 PO Box 1293

Mall Stop J595 Albuquerque, NM 87103
L, Soholt, EM-13

Mail Stop M992 Deuel and Associates, Inc.

,J, Wenzel, HS-12 Attn: R.W, Prindle

Mail Stop K482 /208 Jefferson NE

PO Box 1663 Albuquerque, NM 87109
Los Alamos, NM 87545

Disposal Safety, Inc.

Oak Ridge National Laboratory Attn: B, Ross

Transuranlc Waste Manager 1660 L Street NW, Suite 314

Attn: D,W, Turner Washington, DC 20036

Bldg, 3047

PO Box 2008 Ecodynamlcs (2)

Oak Ridge, TN 37831-6060 Attn: P. Roache
R. Blaine

Pacific Northwest Laboratory PO Box 9229

Attn: B. Kennedy Albuquerque, NM 87119-9229
PO Box 999

Richland, WA 99352 EG & G Idaho (3)
1.955 Fremont Street

Westinghouse-Savannah River Attn: C, Atwood

Technology Center (4) C. Hertzler
Attn: N. Bibler T.I. Clements

J.R, Harbour Idaho Falls, ID 83415
M.J. Plodinec

G,G. Wicks Geomatrix

Aiken, SC 29802 Attn: K. Coppersmith
i00 Pine St,, Suite I000

San Francisco, CA 94111

Corporations/Members of the Public
Colder Associates, Inc,

Battelle Memorial Institute Attn: R. Kossik

Attn: R. Root 4104 148th Avenue NE

J, Kircher Redmond, WA 98052

505 Marquette NW

Suite l INTERA, Inc.
Albuquerque, NM 87102 Attn: A.M. LaVenue

1650 University Blvd. NE, Suite 300

Benchmark Environmental Corp. Albuquerquu, NM 87102
Attn: C. Frederickson

4501 Indian School NE INTERA, Inc.
Suite 105 Attn: J.F. Pickens

Albuquerque, NM 87110 6850 Austin Center Blvd., Suite 300

Austin, TX 78731
Beta Corporation Int.

Attn: E, Bonano INTERA, Inc.
6613 Esther NE Attn: W, Stensrud

Albuquerque, NM 87109 PO Box 2123

Carlsbad, NM 88221

Dist-5



INTERA, Tnc, Science Applicatior_s international

Attn: W. Nelson Corporation (SAIC)
101 Convention Center Drive Attn: h.R. Pratt

Suite 540 10260 Campus Point Drive

Las Vegas, NV 89109 San Diego, CA 92].21

IT Corporation (2) Science AppLications It_ternatlonal

Attn: R,F, McKinney Corporation (2)

J. Myers Attn: D.C.Royer

Regional Office C.G, Pflum
Suite 700 IO1 Convention Center Dr.

5"301 Central Avenue NE Las Vegas, NV 89109

Albuquerque, NM 871.08

Science Applications International
John Hart and Associates, P.A. Corporation (3)
Attn: J,S, Hart Attn: M. DavLs

2815 Candelarla Road NW R. Guzowski

Albuquerque0 NM 87107 J. Tollison
2109 Air Park Road SE

John tIart and Associates, P.A, Albuquerqtte, NM 871.O6
Attn: K, Licklitor

1009 North Washington S('lence Applicatt.ons International

Tacoma, WA 98406 Corporattot_ (2)
httn: d. Young

MAC Technical Services Co, D, I,ester

Attn: D.K. Duncan 18706 North Creek Parkway, Suite II0
8418 Zuni Road SE Bethel l, WA 9801.1

Sul te 200

Albuquerque, NM 87108 Southwest Research Institute

Center for Nuclear Waste Regulatory

Newman and |loltztnger Analysis (2)
Attn: C. Mallon At:in'. P.K. Nalr

1615 L Street NW 6220 Culebra Road

Suite I000 San Antonio, TX 78228-0510

Washington, DC 20036

Systems, Science, and Software (2)

RE/SPEC, Inc. (2) At:tn: E, Peterson

Attn: W, Coons P. Lagus
4775 Indian School NE Box 1620

Suite 300 La Jolla, CA 92038

Albuquerque, NM 8"71[O
TA SC

RE/SPEC, Inc, Atttl: S,G. Oston

Attic: J.L. Rat:Igan 55 Walkers Brook Drive
PO Box 725 Reading, MA 01867

Rapid Clty, SD 57709

'l'eci_ Reps, lnc, (/)
Reynolds Electric tilld Elzgtneerlng Att:ll: J Chapman
Company, Inc. C Crawford
Attn: E.W. Ketldall D Marchand

Bul Idl.ng 790 T Petersot_
Warehouse Row J Stikar
PO Box 98521 D Scott

Las Vegas, NV 89193-8521 M Mtnahan
5000 Marble NE, Suite 222

Albuquerque, NM 87110

Dist-6



Tolan, Beeson f Associates D.W. Powers

Attn: T.I.,,Tolan Star Route Box 87

2320 W. 15th Avenue Antimony, TX 79821
Ketmewiek, WA 993'37

Shtrl.ey Thluda
TRW Envlronmeutal Safety Systems (2) PO Box 7109, RRI
Attn: I. Sacks, Suite 800 Bernaltllo, NM 87004

L. Wildman, Suite 1300
2650 Park Tower Drive ,lack Uricl_

Vietma, VA 22180-7306 c/o ('ARI)
144 llarwtrd SE

Sanford Cohen and Associates Albuquerque, NM 8/1.06
Atti1: J. Charumll

71.01 Carriage Rd NE Universities
Albuquerque, NM 87109

U1_lvc, rslty of Callforxlta

Westinghouse Electric Corporattotl (5) Mecl_atllcal, Ae-rospace, and
Att:t_: l,Ibrary Nucle.ar l!h,gltmer't1_g I)epart:mel_t (2)

C. Cox Atin: W. Kastetfl)er&,
L. Fitch D. Browtw,
B,A, lloward 5532 Boelter Hall
R.F. Kehrman Los Al_geles, CA 90024

PO Box 2078
Carlsbad, NM 88221. University of: California

I;',v_gineerixlg avid Applte-d Science At:tn:

West:lnglmuse ltanford Colvlpally 1). Okrellt:
Attn: D,E. Wood. MSIN 110-32 48-121A t".v_gtlmerlIig IV
PC Box 1970 l,os Aupelc:s, CA 90024-169]
Rlchtand, WA 99't52

Untversi. ty of c;altforvlia

Western Water C;onsultants Mix_e Enyi.lmeril_g l)epartment
Attn: P,A, Reehard Rock Mechatltcs Engtnmerlng

PO Box 4128 At:t:x_: N. ('ook

Laramie, WY 82071 Berkeley, CA 94/20

Western Water Corlsultaltt:s Uxllversity of tlawaii at t111o
Attn: D. Fritz Busttms,_ A¢imltltstratlon

1949 Sugarlal_d Drt.ve #134 At:t:v_: S. llora
Sherlclan, WY 82801-5720 !!I1o, ill q6720-4091

P. Drez University of New Mexico

8816 Cherry tlLlls Road NI!" Geology l)c,l)artnlet_t
Albuquerque, NM 87111 Att:n: Library

Albtlquerque, NM 8/131
David Lechet

9600 All.ende Rd. NE Untverstt:y of New Mexico

Albuquerque, NM 871,09 Research Actmtt_tstrat:lon
At:in: 11. Schreyer

C.A, Marchese 102 Seiml.es llalt
PO Box 21.790 Albuquerque, NM 87131.

Albuqtmrqtw., NM 87154
Uxllversl ty of Wyoming

At, end Mei.jer Det)artmc:tlt. of CIvI. 1 EnglneeriI_g
3821 Anderson SE At:ill: V.R. llasfurther

Al.bucluerque, NM 81108 I,aramle, WY 8207l

I)t st:- ]



University of Wyoming Gordon S. Linsley

Department of Geology Division of Nuclear Fuel Cycle and
Attn: J.I. Drever Waste Management

Laramie, WY 82071 International Atomic Energy Agency
PO Box i00

University of Wyoming A-1400 Vienna, AUSTRIA

Department of Mathematics

Attn: R.E. Ewing Nicolo Cadelli
Laramie, W-Y 82071 Commission of the European

Communities

Libraries 200, Rue de la Loi

B-1049 Brussels, BELGIUM
Thomas Brannigan Library

Attn: D. Dresp R. Heremans

106 W. Hadley St. Organisme Nationale des D_chets
Las Cruces, NM 88001 Radioactifs et des Mati_res Fissiles

(ONDRAF)

New Me_.ico State Library Place Madou I, Boitec 24/25 .
Attn: N. McCallan B-I030 Brussels, BELGIUM
325 Don Gaspar

Santa Fe, NM 87503 J. Marivoet

Centre drEtudes de l'Energie

New Mexico Tech Nucl_aire (CEN/SCK)

Martin Speere Memorial Library Boeretang 200
Campus Street B-2400 Mol, BELGIUM
Socerro, NM 87810

P. Conlon

New Mexico Junior College Waste Management Division

Pannell Library Atomic Energy Control Board (AECB)
Attn: R. Hill PO Box 1046

Lovington Highway Ottawa, Ontario KIP 559, CANADA
Hobbs, NM 88240

A.G. Wikjord

Carlsbad Municipal Library Manager, Environmental and Safety
WIPP Public Reading Room Assessment Branch

Attn: L. Hubbard Atomic Energy of Canada Limited
i01S. Halagueno St. Whiteshell Research Establishment

Carlsbad, NM 88220 Pinewa, Manitoba ROE ILO
CANADA

University of New Mexico

Zimmerman Library Teollisuuden Voima Oy (TVO) (2)
Government Publications Department Attn: Timo Aik_s

Albuquerque, NM 87131 Jukka-Pekka Salo

Annankatu 42 C

NEA/Pedormance AssessmentAdviso_ SF-O0100 Helsinki Suomi

Group (PAAG) FINLAND

P. Duerden Timo Vieno

ANSTO Technical Research Centre of Finlar

Lucas Heights Research Laboratories (VTT)

Private Mail Bag No. i Nuclear Energy Laboratory
Menai, NSW 2234 PO Box 208

AUSTRALIA SF-02151 Espoo, FINLAND

Dist-8



Division de la S_curit_ et de la P. Carboneras Martinez

Protection de l'Environment (DSPE) ENRESA

Commissariat _ l'Energie Atomique Calle Emilio Vargas, 7

Agence Nationale pour la Gestion des R-28043 Madrid
D_chets Radioactifs (ANDRA) (2) SPAIN
Attn: G_rald Ouzounian

M. Claude Ringeard T6nis Papp
Route du Panorama Robert Schuman Swedish Nuclear Fuel and Waste

B. P. No. 38 Management Co.

F-92266 Fontenay-aux°Roses Cedex Box 5864
FRANCE S 102 48 Stockholm

SWEDEN

Claudio Pescatore

Division of Radiation Protection and Conny H_gg

Waste Management Swedish Radiation Protection

OECD Nuclear Energy Agency Institute (SSI)
38, Boulevard Suchet Box 60204

F-75016 Paris, FRANCE S-I04 Ol Stockholm
SWEDEN

M. Dominique Greneche

Commissariat _ ItEnergie Atomique J. Hadermann

IPSN/DAS/SASICC/SAED Paul Scherrer Institute

B.P. No. 6 Waste Management Programme

F-92265 Fontenay-aux-Roses Cedex CH-5232 Villigen PSI
FRANCE SWITZERLAND

Robert Fabriol J. Vigfusson

Bureau de Recherches G@ologiques et HSK-Swiss Nuclear Safety Inspectorate

Mini_res (BRGM) Federal Office of Energy

B.P. 6009 CH-5232 Villigen-HSK
45060 Orl_ans Cedex 2, FRANCE SWITZERLAND

P. Bogorinski D.E. Billington
Gesellschaft f_r Reaktorsicherheit Departmental Manager-Assessment

(GRS) MBH Studies

Schwertnergasse i Radwaste Disposal R&D Division

D-5000 K61n i, GERMANY AEA Decommissioning & Radwaste

Harwell Laboratory, B60
R. Storck Didcot Oxfordshire OXII ORA

GSF - Institut f_r Tieflagerung UNITED KINGDOM
Theodor-Heuss-Strabe 4

D-3300 Braunschweig, GERMANY P. Grimwood

Waste Management Unit
Ferrucio Gera BNFL

ISMES S.p.A Sellafield
Via del Crociferi 44 Seascale, Cumbria CA20 IPG

1-00187 Rome, ITALY UNITED KINGDOM

Hiroyuki Umeki Alan J. Hooper

Isolation System Research Program UK Nirex Ltd

Radioactive Waste Management Project Curie Avenue
Power Reactor and Nuclear Fuel Harwell, Didcot

Development Corporation (PNC) Oxfordshire, OXII ORH

1-9-13, Akasaka, Minato-ku UNITED KINGDOM

Tokyo 107, JAPAN

Dist-9



I
Jerry M. Boak ENRESA (2)

Yucca Mountain Project Office Attn: M. A. CuNado

US Department of Energy F.J. Elorza

PO Box 98608 Calle Emilio Vargas, 7

Las Vegas, NV 89193 E-28043 Madrid, SPAIN

Seth M. Coplan (Chairman) Pedro Prado

US Nuclear Regulatory Commission CIEMAT

Division of High-Level Waste Instituto de Tecnologia Nuclear

Management Avenida Complutense, 22
Mail Stop 4-H-3 E-28040 Madrid, SPAIN

Washington, DC 20555
Nils A. Kjellbert

A.E. Van Luik Swedish Nuclear Fuel and Waste

INTERA/M&O Management Company (SKB)

The Valley Bank Center Box 5864
i01 Convention Center Dr. S-I02 48 Stockholm, SWEDEN

Las Vegas, NV 89109

Bj6rn Cronhjort

NEA/Probabilistic System Assessment Royal Institute of Technology
Group(PSAG) Automatic Control

S-IO0 44 Stockholm, SWEDEN
Shaheed Hossain

Division of Nuclear Fuel Cycle and Richard A. Klos

Waste Management Paul-Scherrer Institute (PSI)

International Atomic Energy Agency CH-5232 Villingen PSI, SWITZERLAND
Wagramerstrasse 5

PO Box I00 Nationale Genossenschaft for die

A-1400 Vienna, AUSTRIA Lagerung Radioaktiver Abf_lle (2)
Attn: C. McCombie

Alexander Nies (PSAC Chairman) F. Van Dorp
Gesellschaft for Strahlen- und Hardstrasse 73

Institut for Tieflagerung CH-5430 Wettingen, SWITZERLAND
Abteilung for Endlagersicherheit

Theodor-Heuss-Strasse 4 N.A. Chapman

D-3300 Braunschweig, GERMANY Intera Information Technologies
Park View House

Eduard Hofer 14B Burton Street

Gesellschaft f_r Reaktorsicherheit Melton Mowbray
(GRS) MBH Leicestershire LEI3 IAE

Forschungsgel_nde UNITED KINGDOM

D-8046 Garching, GERMANY

Daniel A. Galson

Andrea Saltelli Galson Sciences Ltd.

Commission of the European 35, Market Place
Communities Oakham

Joint Resarch Centre of Ispra Leicestershire LEI5 6DT

1-21020 Ispra (Varese) UNITED KINGDOM
ITALY

David P. Hodgkinson

Alejandro Alonso Intera Information Technologies
C_tedra de Tecnologia Nuclear 45 Station Road, Chiltern House

E.T.S. de Ingenieros Industriales Henley-on-Thames
Josd Gutidrrez Abascal, 2 Oxfordshire RG9 IAT

E-28006 Madrid, SPAIN UNITED KINGDOM

Dist-lO



Brian G.J. Thompson Ghislain de Marsily (GXG Chairman)

Department of the Environment: Her University Pierre et Marie Curie

Majesty's Inspectorate of Pollution Laboratorie de Geologie Applique

Room A5.33, Romney House 4, Place Jussleu

43 Marsham Street T.26 - 5e etage

London SWIP 2PY 75252 Paris Cedex 05, FRANCE

UNITED KINGDOM

Alain Galli

Intera Information Technologies Centre de Geostatistique

Attn: M.J.Apted Ecole des Mines de Paris
3609 South Wadsworth Blvd. 35 Rue St. Honore

Denver, CO 80235 77035 Fontainebleau, FRANCE

US Nuclear Regulatory Commission (2) Christian Ravenne

Attn: R. Codell Geology and Geochemistry Division

N. Eisenberg Institut Francais du P_trole

Mail Stop 4-H-3 1 & 4, Av. de Bois-Pr_au B.P. 311

Washington, DC 20555 92506 Rueil Malmaison Cedex
FRANCE

Battelle Pacific Northwest

Laboratories Peter Grindrod

Attn: P.W. Eslinger INTERA Information Technologies Ltd.

MS K2-32 Chiltern House

PO Box 999 45 Station Road

Richland, WA 99352 Henley-on-Thames

Oxfordshire, RG9 IAT, UNITED KINGDOM

Center for N,_clear Waste Regulatory

Analysis (CNWRA) Alan Gutjahr

Southwest Research Institute Department of Mathematics

Attn: B. Sagar New Mexico Institute of Mining and
PO Drawer 28510 Technology

6220 Culebra Road Socorro, NM 8780]

San Antonio, TX 78284
C. Peter Jackson

Geostatistics Exped Working Group(GXG) Harwe]l Laboratory

Theoretical Studies Department

Rafael L. Bras Radwaste Disposal Division

R.L. Bras Consulting Engineers Bldg. 424.4

44 Percy Road Oxfordshire Didcot Oxon OXII ORA

Lexington, MA 02173 UNITED KINDGOM

Jesus Carrera Rae Mackay

Universidad Polit_cnica de Catalufia Department of Civil Engineering

E.T.S.I. Caminos University of Newcastle Upon Tyne

Jordi, Girona 31 Newcastle Upon Tyne NEI 7RU
E-08034 Barcelona UNITED KINGDOM

SPAIN

Steve Gorelick

Gedeon Dagan Department of Applied Earth Sciences

Department of Fluid Mechanics and Stanford University

Heat Transfer Stanford, CA 94305-2225

Tel Aviv University

PO Box 39040 Peter Kitanidis

Ramat Aviv, Tel Aviv 69978 60 Peter Coutts Circle

ISRAEL Stanford, CA 94305

Dist-ll



Dennis McLaughlin Claude Sombret

Parsons Laboratory Centre D'Etudes Nucleaires
Room 48-209 De La Vallee Rhone

Department of Civil Engineering CEN/VALRHO

Massachusetts Institute of Technology S.D.H.A. B.P, 171

Cambridge, MA 02139 30205 Bagnols-Sur-Ceze, FRANCE

Shlomo P. Neuman Bundesminlsterium fur Forschung und

College of Engineering and Mines Technologie

Department of Hydrology and Water Postfach 200 706

Resources 5300 Bonn 2, GERMANY

University of Arizona

Tucson, AZ 85721 Bundesanstalt fur Geowissenschaften
und Rohstoffe

Yoram Rubin Attn: M. Langer

Department of Civil Engineering Postfach 510 153

University of California 3000 Hanover 51, GERMANY

Berkeley, CA 94720
Gesellschaft fur Reaktorsicherheit

(GRS) (2)

Foreign Addresses Attn: B. Baltes
W. Mul ler

Studiecentrum Voor Kernenergle Schwertnergasse 1

Centre D'Energie Nucleaire D-5000 Cologne, GERMANY
Attn: A. Bonne

SCK/CEN Instltut fur Tieflagerung (2)
Boeretang 200 Attn: K. Kuhn

B-24OO Mol Theodor-Heuss-Strasse 4

BELGIUM D-3300 Braunschwelg, GERMANY

Atomic Energy of Canada, Ltd. (3) Physikalisch-Technische
Whiteshell Research Establishment Bundesanstalt

Attn: M.E. Stevens Attn: P. Brenneke

B.W. Goodwin Postfach 33 45

D. Wushke D-3300 Braunschweig, GERMANY
Pinewa, Manitoba ROE ILO, CANADA

Shingo Tashiro

Juhani Vira Japan Atomic Energy Research
Teollisuuden Voima Oy (TVO) Institute

Annankatu 42 C Tokai-Mura, Ibaraki-Ken

SF-O0100 Helsinki Suomi 319-11, JAPAN
FINLAND

Netherlands Energy Research

Jean-Pierre Olivier Foundation (ECN)

OECD Nuclear Energy Agency (2) Attn: L.H. Vons

38, Boulevard Suchet 3 Westerduinweg
F-75016 Paris PO Box i

FRANCE 1755 ZC Petten, THE NETHERLANDS

D. Alexandre, Deputy Director Johan Andersson

ANDRA Swedish Nuclear Power inspectorate

31 Rue de la Federation Statens K_rnkraftinspektion (SKI)
75015 Paris Box 27106

FRANCE S-IO2 52 Stockholm, SWEDEN

Dist-12



Fred Karlsson 6303 W D Weart

Svensk Karnbransleforsorjning 6305 S A Goldstein

AB SKB 6305 A R Lappin

Box 5864 6306 A L Stevens

S-I02 48 Stockholm, SWEDEN 6312 F W Bingham
6313 L S Costin

Nationale Genossenschaft f(_r die 6331 P A Davis

Lagerung Radioaktiver Abfalle (2) 6341 Sandia WIPP Central Files (i00)
Attn: S. Vomvoris 6342 D.R. Anderson

P. Zuidema 6342 J.C. Helton (20)

Hardstrasse 73 6342 Staff (30)

CH-5430 Wettingen, SWITZERLAND 6343 V. Harper-Slaboszewicz
6343 Staff (3)

AEA Technology 6345 R.C, Lincoln
Attn: J,H. Rees 6345 Staff (9)

DSW/29 Culham Laboratory 6347 D,R, Schafer

Abington 6348 J.T. Holmes

Oxfordshire OXI4 3DB, UNITED KINGDOM 6348 Staff (4)

6351 R,E. Thompson

AEA Technology 6352 D,P. Garber

Attn: W,R, Rodwell 6352 S,E. Sharpton

O44/A31 Winfrith Technical Centre 6400 N.R. Ortiz
Dorchester 6613 R.M. Cranwel i

Dorset DT2 8D}I, UNITED KINGDOM 66].3 R.L. Iman

6613 C. Leigh

AEA Technology 6622 M.S.Y. Chu

Attn: J.E. Tinson 6641 R.E. Luna, Acting

B4244 Harwell Laboratory 7141 Technical Library (5)

Didcot, Oxfordsh[re OXll ORA 7151 Technical Publications

UNITED KINGDOM 7613-2 Document Processing for

DOE/OSTI (i0)

D.R. Knowles 8523-2 Central Technical Flles

British Nuclear Fuels, plc

Risley, Warrington

Cheshire WA3 6AS, 1002607

UNITED KINGDOM

Internal

I A Narath

20 O E, Jones

1502 J C. Cummings

1511 D K, Cartling

6000 D L. Hartley
6115 P B, Davies

6115 R L, Beauheim

6119 E D. Gotham

6119 Staff (14)

6121 J,R. Tillerson

612]. Staff (7)

6233 J,C. Eichelberger

6300 D.E. E11is

6302 L.E. Shephard

6303 S.Y0 Picketing

* US GOVERNMENTPRINTINGOFFICE1993--774-122/80238

Dist-13



I




