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Abstract

Uncertainty and sensitivity analysis techniques based on Latin hypercube sampling, partial
correlation analysis, stepwise regression analysis and examination of scatter plots are used in
conjunction with the BRAGFLO model to examine two-phase (i.e., gas and brine) flow at the
Waste Isolation Pilot Plant (WIPP), which is being developed by the US Department of Energy
as a disposal facility for transuranic waste. The following topics are investigated to develop
insights on factors that are potentially important in establishing compliance with applicable
regulations of the US Environmental Protection Agency (i.e., 40 CFR 191, Subpart B; 40 CFR
268): (1) gas production due to corrosion of steel; (2) gas production due to microbial degrada-
tion of cellulosics; and (3) gas migration through a sealed shaft to the Culebra Dolomite.
Important variables identified in the analysis include initial brine saturation of the waste,
stoichiometric terms for corrosion of steel and microbial degradation of cellulosics, and seal
permeabilities.

Keywords: Brine migration; Gas migration; Sensitivity analysis; Uncertainty analysis; Waste
Isolation Pilot Plant

1. Introduction

The Waste Isolation Pilot Plant (WIPP) in southeastern New Mexico is being
developed by the US Department of Energy (DOE) as a research and development

* Corresponding author.

0304-3894/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved
SSDI 0304-3894(95)00082-8



108 J.C. Helton et al. [Journal of Hazardous Materials 45 (1996) 107-139

facility to demonstrate the safe disposal of defense-generated transuranic waste
[1-3]. The WIPP must comply with various environmental regulations of the US
Environmental Protection Agency (EPA), including 40 CFR 268.6, Petitions to
Allow Land Disposal of a Waste Prohibited under Subpart C of Part 268, which
implements the Resource Conservation and Recovery Act (RCRA), [4] and 40 CFR
191, Subpart B, Environmental Standards for the Management and Disposal
of Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes [5]. In
support of the development of the WIPP and to provide perspective on
compliance with various applicable regulations, Sandia National Laboratories
(SNL) is conducting an ongoing performance assessment (PA) for the WIPP [6, 7].
As part of this project, a sequence of annual PAs has been carried to summarize
what is known about the WIPP and to provide guidance for future work
[8-11].

The 1991 WIPP PA [10, 12-16] 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 PAs 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.., gas and brine) flow calculations performed for
the 1991 WIPP PA provide the first opportunity to investigate factors that may
influence compliance with 40 CFR 268.6.

To provide perspective on factors influencing compliance with 40 CFR 268, three
analysis cases were considered in the 1991 WIPP PA: fully consolidated shaft (Case 1),
system of shaft seals with panel seals (Case 2), and single shaft seal without panel seals
(Case 3) [17, 18]. All three cases involve the undisturbed performance of the WIPP
over 10000 yr. Case 1 uses a model configuration identical to that used in the 1991
WIPP PA for scenarios involving human intrusion due to 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, depending on preferred terminology, omitted or assumed to be con-
solidated fully. This assumption forces all significant fluid flow from the repository to
occur horizontally through anhydrite layers above and below the waste panels. Cases
2 and 3 contain permeable shafts, with the result that both horizontal and vertical
fluid migration is 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 scatter plots, partial correlation analysis and stepwise regression analysis
[19, 20].

The present paper presents results obtained in the analysis for a system of shaft seals
with panel seals (i.e., Case 2). The results for Cases 1 and 3 are presented elsewhere
[21,22].
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2. Summary description

Unlike the single isolated waste panel of Case 1 [21], the entite repository is
modeled in the present analysis. Further, the present analysis explicitly incorporates
the repository shafts and uses a more detailed characterization of the waste and its
surroundings by representing the repository as a sequence of waste, panel seal, backfill
and shaft regions through which gas and brine flow can occur in both the vertical and
horizontal directions.

As shown in Fig. 1, the computational implementation of the analysis with the
BRAGFLO model for two-phase flow [12, Section 5.2, Appendix A; 16, Section 3.1;
21, Section 3] is based on a rectangular grid aligned north-south through the
repository. This grid is a simplification of the three-dimensional structure of the
repository and involves several assumptions. The storage regions (i.e., waste panels) of
the repository are grouped into the following three blocks on the basis of the number
of drift and panel seals between the waste and the nearest shaft: Waste Block A, which
corresponds to the single waste panel that is separated from the waste and exhaust
shafts by two sets of panel seals (i.e., the Northern Panel in Fig. 2), Waste Block B,
which corresponds to the five waste panels separated from the waste and exhaust
shafts by three sets of panel seals (i.e., Panels 1, 2, 7 and 8 and the Southern Panel in
Fig. 2), and Waste Block C, which corresponds to the four waste panels separated
from the waste and exhaust shafts by four sets of panel seals (i.e., Panels 3,4, 5 and 6 in
Fig. 2). Each waste block contains the storage volume of the corresponding waste
panels and drifts. The four shafts are combined into a single shaft at the location of the
waste shaft, which is the shaft nearest the waste-disposal panels (Fig. 2), and this single
shaft is subdivided vertically into four segments. Stratigraphic layers are assumed to
be parallel and horizontal. The marker beds within the Salado Formation are actually
slightly undulatory, with a drop of less than 1° to the southeast at the WIPP. Because
the repository is being excavated at a constant stratigraphic horizon rather than at
a constant elevation, this dip results in a drop in floor elevation of about 7m between
the waste shaft and the southern panel. The computational gridding for BRAGFLO
does not include this change in elevation.

The computational grid shown in Fig. 1 extends vertically 645 m from the bottom
of the Salado Formation to the top of the Culebra Dolomite Member of the Rustler
Formation and extends horizontally for approximately 29 km. Stratigraphic units
included in the grid are the intact halite of the Salado Formation, Marker Bed 139,
Anhydrite Layers A and B, which are represented as a single anhydrite layer, and the
lower unnamed member of the Rustler Formation and the Culebra Dolomite, which
are represented as a single layer. The computational grid also includes a disturbed
rock zone, which extends vertically around the repository and includes parts of
Marker Bed 139 and Anhydrite Layers A and B. The permeability of the disturbed
rock zone was assumed to sufficiently low (i.e., 2.41 x 10~ 2% m?2, which is an order of
magnitude above the assumed permeability of 2.41 x 10~ 2! m? for halite in the Salado
Formation) to prevent significant gas flow around the panel seals.

The computational cells used with BRAGFLO represent two-dimensional projec-
tions of three-dimensional features with different volumes. The width of the
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Fig. 1. Gridding scheme employed with BRAGFLO for the two-dimensional vertical cross-section model
of the full repository used in analysis of permeable shaft with panel seals.
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Fig. 2. Excavated areas in the WIPP repository [23, 24].

computational cells (i.e., distance measured in the direction of the y coordinate in
Fig. 1, which is perpendicular to the page) varies significantly before projection to two
dimensions, from as little as 9.74 m at the location of the shaft to as much as 69 km in
the intact Salado Formation. This dimension of the grid does not vary vertically; thus,
where the grid is thin near the shaft because of the small excavated volume, all grid
elements, including the disturbed rock zone, the intact Salado Formation and the
Culebra Dolomite, are given the same value for the y-dimension. Figs. 2-5 and 2-6 of
Ref. [17] show enlarged representations of the grid in the horizontal plane containing
the repository.

The third dimension (i.e., the y coordinate, which is perpendicular to the page in
Fig. 1) is included in the construction of the computational grid to allow for different



112 J.C. Helton et al. [Journal of Hazardous Materials 45 (1996) 107—139

storage volumes for brine and gas in each cell. Flow is not modeled in the third
dimension and occurs only in the plane of Fig. 1 (i.e., in the directions of the x and
z coordinates). Flow from Waste Block C to the Culebra Dolomite, for example,
would occur horizontally through the other waste blocks and the panel seals, and then
vertically up the shaft.

The ends of the grid, south of Waste Block C and north of the shaft, require
additional explanation. The intent was to simulate some three-dimensional behavior
with a two-dimension grid. With the repository or shaft acting as sources or sinks,
fluid flow will be primarily horizontal, and mostly through the anhydrite layers. Close
to the repository, flow paths will have complex orientations because of the variable
geometry of the excavations. Further away from the repository, at a distance perhaps
several times the maximum horizontal dimension of the repository (about 1.3 km),
flow will be nearly radial either toward or away from the sink or source. This
cylindrical flow pattern can be approximated with a two-dimensional model if the
width of grid blocks (i.e., the y-dimension of Fig. 1) increases away from the source or
sink by a factor of 2nr, where r is the distance from the source or sink at the center of
the grid [25]. In a strict sense, this relationship is valid only if the entire grid is set up
this way, starting from one side. Such a grid represents a vertical cylinder, and the
resulting two-dimensional model will simulate radial flow in a three-dimensional
cylinder. In the grid used here, only the north and south ends were treated in this
fashion, and the results are not exact in modeling all flow outward from the reposi-
tory/shaft region. However, as a first approximation, this procedure accounts for the
radial increase in pore volume away from the central region. This radial increase in
pore volume is potentially important because brine and gas flow away from the
repository will not be restricted to two dimensions (vertically and in one dimension
horizontally). Rather, at a distance of a few kilometers from the repository (approxi-
mately the disposal-unit boundary), flow will be radial into an increasing pore
volume.

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

The single composite shaft is divided into four sections: a sump and three arbitrarily
divided higher sections each having different material properties. The three upper
sections are used to represent different degrees of consolidation of the halite seals and
backfill at different depths, with the deeper sections having lower permeability. The
first shaft section above the sump, labeled Shaft 1 in Fig. 1, extends from the bottom of
the waste blocks upward to the top of the Anhydrite Layers A and B. The middle shaft
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section, labeled Shaft 2 in Fig. 1, extends halfway to the top of the Salado Formation,
and the upper section, labeled Shaft 3, extends to the top of the Culebra Dolomite.
The lowermost portion of the shaft, the sump, is assumed to be backfilled, and has
been included in the model because of its possible role as a brink sink. The modeled
sump extends downward 36.6m from the repository floor, resulting in a modeled
volume larger than that of the actual sumps. Two of the four shafts have no sumps,
and depths in the other two are 38.4 m (Waste Shaft) and 33.5m (Salt Handling Shaft)
[24]. However, the pore volume of the sump is small relative to the volume in the
entire shaft. The disturbed rock zone is modeled only above and below the waste, drift
and panel seal, and backfill blocks.

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

Initial far-field pressures in the Salado Formation, including halite and anhydrite
layers, were 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>. Initial pressure in
Marker Bed 139 is one of the imprecisely known variables considered in the uncer-
tainty/sensitivity analysis. Initial pressure in the waste, seals and backfill was assumed
to be atmospheric (0.101 MPa). Initial pressure was assumed to be constant horizon-
tally throughout any given layer in all of its constituent materials. The Salado
Formation halite, the anhydrite, and the disturbed rock zone were assumed to be
initially fully brine saturated.

Initial conditions in the shafts and drifts are uncertain, and two sets of calculations
were carried out to evaluate the effects of assuming initial full brine saturation and
initial full gas saturation. 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 brine saturated fully, 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 10000 yr
were relatively insensitive to the initial gas saturation of the drifts and shafts. The
results contained in this presentation were obtained with the assumption of an
initially gas-saturated shaft; results obtained with the assumption of an initially brine-
saturated shaft are given in Ref. [17].
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3. Mathematical description

A brief mathematical description of the models in use is now presented. This
description is adapted from more extensive descriptions in Refs. [16,21] and is
presented here to provide the reader with an accessible description of the mathemat-
ical formulation of the problem under study.

The following system of three equations is used to represent two-phase (i.e., brine
and gas) flow [16, Section 3.1]:

ﬁ H pnkkrn a(Pn - pngD) + _g H pnkkrn a(Pn - pngD)
Ox U Ox oz U oz

], 1)

] + Hgq, + Hq,,

0pn
p+¢n
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=H [pnsn¢ﬁs —3; + ¢

0 pwkkrw a(Pw — ngD) 0 pwkkrw a(Pw - ngD)
— | H —|H H H rw
ax[ U ox + 0 U 0z + Hdw + 54
0P, 0Py oS,
—H[pw WBB S+ ¢S T +¢wat] @
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where D is the depth (m) measured {from surface, g the acceleration due to gravity
(m/s?), H the geometric factor (m), k the permeability (m?), k,, the relative permeabil-
ity (dimensionless) to phase ! (I = n, nonwetting phase, ] = w, wetting phase), P; the
pressure of phase ! (Pa), ¢; the rate of injection (or removal, if negative) of phase
I (kg/m3s), q,, the rate of production (or consumption, if negative) of phase [ due to
chemical reaction (kg/m?s), S, the saturation of phase I (dimensionless), ¢ the time (s),
x the coordinate in x (i.e., horizontal) direction, z the coordinate in z (i.e., vertical)
direction, B, the matrix compressibility (Pa~!), ¢ the porosity (dimensionless), p; the
density of phase I (kg/m?®), and y, the viscosity of phase ! (kg/ms).

The wetting phase is assumed to consist of only brine and the nonwetting phase is
assumed to consist of only gas. The functions P, and P, represent the pressures that
would be exerted by the nonwetting and wetting phases, respectively, given that they
were present; the saturations S, and S|, are used to specify whether or not these phases
are present and hence whether or not these pressures are actually realized. Additional
background on the two-phase flow is provided by Crichlow [26] and Peaceman [27]
and also in Section 5.2 and Appendix A of Ref. [12].

The preceding reduces to a system of three equations in three unknowns (i.e., P, Sy,
¢) through the assumption of the Brooks—Corey relationship [13, Section 2.3.1],

1—8,—Sae \ M
B, =P + (I_—TiS_> P, 4)
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and the saturation constraint
Se=1-8,, (5)

where P, is the threshold displacement pressure (Pa), S, the residual saturation of
nonwetting phase (dimensionless), S, the residual saturation of wetting phase (dimen-
sionless), and A the Brooks—Corey pore size distribution parameter (dimensionless).

In the present analysis, S, = 0.07, S, =0.276 and A =2.89 in the waste [13,
Section 3.4.4], S, = 0.2, 8., = 0.2 and 4 = 0.7 in all other regions, and P, is a function
of permeability. A well-defined relationship exists between permeability k and thresh-
old displacement pressure P, (Fig. 2.3-1 of Ref. [13] as adapted from Figs. 5 and 8, of
Ref. [27]). In particular, the fitting of a regression model yields

Pu(k) = 5.6 x 10Tk ~0-346, (6)

In the present analysis, the preceding relationship is used to define P, for all regions
except the waste blocks, where the relationship P, = 0 Pa is assumed to hold.

The values used for k, ke, kews Pns Pws Has Iw and B are summarized in Table 1. The
variable H appearing in Egs. (1) and (2) is defined by

H = 2nx, (7

and provides a correction in the model formulation for the conversion from a three-
dimensional geometry [21, Fig. 1] to a two-dimensional geometry as shown in Fig. 1.

Gas production is assumed to result from corrosion of steel and microbial degrada-
tion of cellulosics. Thus, the gas generation rate g, is of the form

9in = Qene T Grnm> (8)

where ¢, is the rate of gas production due to corrosion of steel (kg/m®s) and g,m is
the rate of gas production due to microbial degradation of cellulosics (kg/m?s).
Gas generation takes place only within the waste panels and all the generated gas is
assumed to be H,. Further, q.,, is used to describe the consumption of brine during the
corrosion process. The rates g,nc, §rnm and ¢, are defined by [13, Sections 3.3.8, 3.3.9]

Grac = (Fei DsSw + ran D ST)M(H), ©)

Gram = (FmiDeSo + ran D SEYM(H,), (10)
and

Grw = —qme X (H2O|H,) M (H,O)/M(H,), (11)

where D, is the surface area density of steel in repository ((m?-surface area steel)/(m>-
repository)), D, is the mass density of cellulosics in repository ((kg-cellulosics)/(m3-
repository)), M(H,) represents kilograms per mole for H, (kg/mol} and M(H,O)
represents kilograms per mole for H,O (kg/mol). Also r.;, is the rate of H, production
by corrosion of steel under humid conditions (mol H, /(m?-surface area steel)s), r,; the
rate of H, production by corrosion of steel under inundated conditions (mol H, /(m?-
surface area steel)s), r,, the rate of H, production by microbial degradation of
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Table 1

Values of k, kp, kiw> Bs> Ia> Hws Pn and p, used with BRAGFLO to determine the effects of seal
permeabilities and gas generation parameters on gas flow through the repository and up the shaft to the
Culebra Dolomite

k=218x10""m? in Culebra (spatially averaged value derived from transmissivity fields

associated with variable CULTRFLD in Ref. [15, Table VIII]

=241 %1072 m? in undisturbed halite [13, Section 2.3.5]

=241x107%"m? in disturbed halite (10 x value for undisturbed halite)

=ka in undisturbed anhydrite (uncertain input variable; see variable MBPERM in
Table 2)

= 10k, in disturbed anhydrite

=kg in backfill (uncertain input variable; see variable BFEPERMF in Table 2)

= kg in seals (uncertain input variable; see variable SEALPERM in Table 2)

= Kkepy in lower shaft section (Shaft 1) (uncertain input variable; see variable
SH1PERM in Table 2)

= ken> in middle shaft section (Shaft 2) (uncertain input variable; see variable
SH2PERM in Table 2)

= Kkep3 in upper shaft section (Shaft 3) (uncertain input variable; see variable
SH3PERM in Table 2)

=1.1x10"1¥m? in repository [13, Section 3.4.7]

1—8,— Sw |? 1 =8, — 8, \@T44

1 _ S —S (2+34)/4
ke = (ﬁ_sl> [13, Eq. 2.3-4]

B, =1586x10"°Pa~! in disturbed halite [17, Table 3.2-1]
=7974%x107° Pa~! in undisturbed anhydrite [17, Table 3.2-1]
=1.191x10"°Pa~?! in disturbed anhydrite [17, Table 3.2-1]
=8423x1071°Pa~'  in waste [17, Table 3.2-1]
=1.126x10"8Pa~* elsewhere [17, Table 3.2-1]

i = 9.6 x 107 Pas (Ref. [13, p. 4-21] lists a median value of 9.20 x 10~° Pas at 300.15K, 15 MPa)
sy = 1.8x 1073 Pas [13, p. 4-7]

pn: obtained from P, and solution of Redlich—-Kwong-Soave equation of state [13, Eq. 4.1-6]
pw=123x103exp [2.5x 1071 (P, — 1.01325 x 10°) [ 13, Eq. 4.1-5]

cellulosics under humid conditions (mol H,/(kg-cellulosics)s), r,; the rate of H,

production by microbial degradation of cellulosics under inundated conditions

(mol H, /(kg-cellulosics)s),

«_ ) Sa i Sy >0,

S = {0 if S, =0, (12)

and X (H,O|H,) the stoichiometric term for consumption of H,O by corrosion of
steel (mol H,O/mol H,).

The products r; D, rop, Dy, 1 D, and r,, D, in Egs. (9) and (10) define constant rates
of gas generation (units: mol/m?s) that continue until the associated substrate (i.e.,
steel or cellulosics) is exhausted. The terms S,, and S¥ in Egs. (9) and (10), which are
functions of location and time, correct for the amount of substrate that is exposed to
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inundated and humid conditions, respectively. All corrosion and microbial action is
assumed to stop when no brine is present, which is the reason that 0 replaces S, = 1 in
the definition of S} in Eq. (12). In the present analysis, 7.y, 7., 'mn and ry; are defined
by uncertain input variables (see variables GRCORH, GRCORI, GRMICH,
GRMICI in Table 2). Further, M(H,) = 2.02 x 10~ 3 kg/mol and M(H,O) = 1.80 x
10~ 2 kg/mol. The development of Dy, D, and X, (H,O|H,) is discussed in Ref. [21]
and also in Ref. [16], which can be consulted to obtain a complete description of the
gas generation model in use.

Eqgs. (1)—(3) are solved by BRAGFLO with the Newton—Raphson iteration tech-
nique in conjunction with a fully implicit, finite-difference procedure on the computa-
tional grid in Fig. 1. The initial value and boundary value conditions used in
conjunction with this solution are summarized in Table 3.

The 16 imprecisely known variables listed in Table 2 were used as input to
BRAGFLO for the uncertainty and sensitivity studies contained in this presentation.
The distributions indicated in Table 2 for the individual variables are characterizing
subjective uncertainty [31, 32]. Thus, these distributions characterize a degree of
belief as to where the value of a fixed but unknown quantity is located. The analysis
used a Latin hypercube sample [33] of size 22 from the 16 variables in Table 2. This
sample was genecrated with the LHS program [34]. Further, the Iman/Conover
restricted pairing technique [35] was used to assure that the correlations between the
sampled variables were close to zero. The resultant sample is listed in Table 3.2-2b of
Ref. [17]. One BRAGFLO calculation was performed for each sample element. Thus,
22 BRAGFLO calculations are available for analysis. The uncertainty and sensitivity
analysis results in this presentation are based on an exploration of the relationships
between the 22 sample elements and the associated 22 BRAGFLO calculations [ 19, 20].

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 the present analysis and resuited 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 tech-
nique [35] 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 an uncertainty and sensitivity analysis is not known.

The variables BFPERMF, BRSATF, GRCORHF, GRMICHF, SH2PERMF and
SH3PERMF in Table 2 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 2 is the definition of the variable that is actually used by BRAGFLO. The
sensitivity analyses presented in Sections 4—6 use the actual BRAGFLO inputs (i.e.,
BFPERM, BRSAT, GRCORH, GRMICH, SH2PERM and SH3PERM) rather than
the corresponding scale factors. The transformed variables (i.e., actual BRAGFLO
inputs) are used because of the relatively complex relationships involving BFEPERMF,
SH2PERMF and SH3PERMF.

Gas flow through the repository and up the shaft to the Culebra Dolomite is the
outcome of greatest interest in this analysis. Thus, a natural starting point is an
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Imprecisely known variables used in BRAGFLO to determine the effects of seal permeabilities and gas
generation parameters on gas flow through the repository and up the shaft to the Culebra Dolomite

Variable

Definition

BFPERMF

BRSATF

GRCORHF

GRCORI

GRMICHF

GRMICI

MBPERM

MBPRES

Scale factor used in the definition of permeability of backfill in waste panels (dimension-
less). Range, 0—1; median, 0.5, distribution, normal. Actual backfill permeability,
BFPERM, is defined by

log BFPERM = log SEALPERM + (—14 — log SEALPERM) BFPERMF.

BFPERM defines variable k in Egs. (1) and (2) for region labeled “Backfill” in Fig. 1 (i.e.,
BFPERM is the variable kg in Table 1). Additional information: Ref. [17, Section 3.2.2]
Variable 13 in Latin hypercube sample (LHS)

Scale factor used in definition of initial brine saturation of waste (dimensionless). Range,
0-1; median, 0.5, distribution, uniform. Actual value for initial brine saturation of waste,
BRSAT, is

BRSAT = 0.276BRSATF.

BRSAT defines variable S,,, in Eq. (23) of Ref. [21]. Additional information: Ref. [13,
Section 3.4.9]. Variable 1 in LHS

Scale factor used in definition of gas generation rate for corrosion of steel under humid
conditions (dimensionless). Range, 0 to 5 x 10~ *; median, 1 x 10!, distribution, piecewise
uniform. Actual generation rate, GRCORH, is

GRCORH = GRCORHF - GRCORL

GRCORH defines variable r, in Eq. (9). Additional information: Memo from Brush, 8 July
1991, contained in Ref. [13, Appendix A] and Ref. [13, Section 3.3.8]. Variable 3 in LHS
Gas-generation rate for corrosion of steel under inundated conditions (mol/m? surface
area steels). Defines variable r; in Eq. (9). Range, 0 to 1.3 x 10~ ® mol/m?s; median,
6.3 x 10~° mol/m?s; distribution, piecewise uniform. Additional information: same as
GRCORHF. Variable 4 in LHS

Scale factor used in definition of gas-generation rate due to microbial degradation of
cellulosics under humid conditions (dimensionless). Range, 0 to 2 x 10~ !; median,

1 x 107 ; distribution, piecewise uniform. Actual gas-generation rate, GRMICH, is

GRMICH = GRMICHF - GRMICL

GRMICH defines variable r.,, in Eq. (10). Additional information: same as GRCORHF.
Variable 5 in LHS

Gas-generation rate due to microbial degradation of cellulosics under inundated
conditions (mol/kg cellulosics s). Defines variable ry,; in Eq. (10). Range, 0 to

1.6 x 107 ® mol/kgs; median, 3.2 x 10~° mol/kgs; distribution, piecewise uniform. Addi-
tional information: same as GRCORHF. Variable 6 in LHS

Permeability in anhydrite marker beds in Salado Formation under undisturbed
conditions (m?). Defines variable k in Eqs. (1) and (2) for regions labeled “Anhydrite” in
Fig. 1 (ie., MBPERM is the variable k, in Table 1). Range, 8.5x 1072 t0 1.8 x 10718 m?;
median, 7.8 x 107 %° m?; distribution, piecewise uniform. Additional information: memo
from Beauheim, 14 June 1991, contained in Ref. [13, Appendix A] and Ref. [13, Section
2.4.5]. Variable 11 in LHS

Pressure in anhydrite marker beds in Salado Formation under undisturbed conditions
(Pa). Defines variable P,(0) in Table 3. Range, 8.21 x 10° to 1.48 x 107 Pa; median,

1.28 x 107 Pa; distribution, piecewise uniform. Additional information: memos from
Beauheim, 14 June 1991, and Howarth, 12 June 1991, contained in Ref. [13, Appendix A]
and Ref. [13, Section 2.4.6]. Variable 10 in LHS
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Table 2. Continued

Variable

Definition

SEALPERM

SHiPERM

SH2PERMF

SH3PERMF

STOICCOR

STOICMIC

Permeability of seals between waste blocks in repository (m?). Defines variable k in Egs.
(1) and (2) for regions labeled “Seal 17, “Seal 2”7, “Seal 3” and “Seal 4” in Fig. 1 (ie.,
SEALPERM is the variable kg in Table 1). Range, 3.3 x 107 2* to 1 x 10~ * m?; median,
5.7 x 107 *® m?; distribution, lognormal. Additional information: Ref. [17, Section 3.2.2}
and Ref. [13, Section 3.2.2]. Variable 12 in LHS

Permeability of lower shaft section (m?). Defines variable k in Egs. (1) and (2) for region
labeled “Shaft 1” in Fig. 1 (ie., SHIPERM is the variable kg, in Table 1). Range,
3.3x 1072 to 1 x 107 * m?; median, 5.7 x 10~ '® m?; distribution, lognormal. Additional
information: Ref. [17, Section 3.2.2]. Variable 14 in LHS

Scale factor used in definition of permeability of middle shaft section. Range, 0-1; median, 0.5;
distribution, normal. Actual permeability of middle shaft section, SH2PERM, is defined by

log SH2PERM = log SHIPERM + (—14 — log SHIPERM) SH2PERMF.

SH2PERM defines variable k in Eqs. (1) and (2) for region labeled “Shaft 2” in Fig. 1 (ie.,
SH2PERM is the variable kg, in Table 1). Additional information: Ref. [17, Section
3.2.2]. Variable 15 in LHS

Scale factor used in definition of permeability of upper shaft section. Range, 0-1; median;
0.5; distribution, normal. Actual permeability of upper shaft section, SH3PERM, is
defined by

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

SH3PERM defines variable k in Egs. (1) and (2) for region labeled “Shaft 3” in Fig.1 (ie.,
SH3PERM is the variable kg3 in Table 1). Additional information: Ref. [17, Section
3.2.2]. Variable 16 in LHS

Stoichiometric factor for corrosion of steel (dimensionless). The most plausible corrosion
reactions after closure of the WIPP are believed to be

Fe + 2H,0 = Fe(OH), + H; and 3Fe¢ + 4H,0 = Fe;0,4 + 4H,,

although there exists substantial uncertainty as to what the proportions of these two
reactions might be {29; 13, Section 3.3.8]. The average stoichiometry of the preceding
reactions is

Fe + [(4 + 2X)/3]1H,0 = [(4 — X)/3]H, + [ X]Fe(OH), + [(1 — X)/3]Fe;0,,

where X and 1 — X are the fractions of iron consumed in the two reactions. The
stoichtometric term X .(H,O|H;) in Eq. (11) for the consumption of H,O by the
corrosion of steel is given by

X.(H,O/H,) =4+ 2X)/@4 — X).

STOICCOR defines X in the preceding equation and thus X .(H,O|H,) in Eq. (11).
Range, 0-1; median, 5 x 10~ '; distribution, uniform. Additional information: Brush and
Anderson in Ref. [7, p. A-6] and Ref. [13, Section 3.3.8]. Variable 2 in LHS
Stoichiometric coefficient for microbial degradation of cellulosics (i.e., moles of gas, which
is assumed to be H,, produced per mole of cellulose, CH,O, undergoing microbial
degradation). Defines variable M(H,|CH,0) in Eq. (71) of Ref. [16], which can be
consulted for more detail on the implementation of the gas-generation model used in this
analysis. Range, 0—1.67 mol/mol; median, 8.35 x 10~ mol/mol; distribution, uniform.
Additional information: Brush and Anderson in Ref. [7, p. A-10] and Ref. [13,

Section 3.3.9]. Variable 9 in LHS



120 J.C. Helton et al. [Journal of Hazardous Materials 45 (1996) 107139

Table 2. Continued

Variable Definition

VMETAL Fraction of total waste volume that is occupied by IDB (integrated data base) [30] metals
and glass waste category (dimensionless). Defines variable f, in Eq. (58) of Ref. [16] and is
used in determination of amount of steel undergoing corrosion. Range, 2.76 x 10~ ! to
4.76 x 10~ 1; median, 3.76 x 10~ !; distribution, normal. Additional information: Ref. [13,
Section 3.4.1]. Variable 7 in LHS

VYWOOD Fraction of total waste volume that is occupied by IDB combustible waste category
(dimensionless). Defines variable f, in Eq. (15) of Ref. [21] and is used in determination of
amount of cellulose undergoing microbial degradation. Range, 2.84 x 10~ ! to
4.84 x 10~ 1; median, 3.84 x 10~ !; distribution, normal. Additional Information: Ref. [13,
Section 3.4.1]. Variable 8 in LHS

Table 3
Initial value and boundary value conditions used with BRAGFLO and computational grid in Fig. 1

Initial value conditions

P, (x, z,0) = 1.053 x 10° Pa in Culebra
= 1.032 x 10° Pa (i.e., atmospheric pressure) in waste blocks, seals, backfill and shaft
= P,(0) + paglzus — 2] elsewhere, where pg = density of brine (1230 kg/m?), zyp = center of
Marker Bed 139(381.15 m), g = acceleration due to gravity (9.81 m/s?), (x, z) is a point for which
the initial value of P, (x, z, 0) has not already been defined, and P, (0) is an uncertain input variable
(see variable MBPRES in Table 2)
S.(x, z,0) =1 — §,(0) in waste blocks, where S,,(0) is a function of the uncertain input variable BRSAT in
Table 2 (see Ref. [21, Eq. (23)])
=1 in shaft seals, sump, drift seals and backfill
= 0 otherwise
¢(x, z, 0) = 0.139 in Culebra (median value, Ref. [13, Section 2.6.4])
= 0.01 in undisturbed halite and anhydrite (median value, Ref. [13, Section 2.3.7])
= 0.055 in disturbed anhydrite (median value, Ref. [13, Section 2.4.7])
= 0.06 in disturbed halite (median value, Ref. {13, Section 2.3.7])
= ¢.(0) in repository (see Ref. [21, Eq. (22)])
= 0.01 in backfill, panel seals, shaft seals and sump

Boundary value conditions

Boundaries above (z = 823.4 m) and below (z = 178.1 m) system

08,(x, 8234,1)/0z = 0P, (x, 823.4,1)/0z =0 for 0 < x < 28883.29m, 0 <t
08,(x, 178.1,1)/0z = 0P,(x, 178.1,1)/0z = 0 for 0 < x < 28883.29m, 0 < ¢

Boundary on left (x = 0 m) of system
08,(0,z,1)/0x = 0P, (0,2,t)/0x =0 for 1781 £z < 779.7m, 0 < ¢
P,(0,z,t)* = Py(0, z,t) = 1.053 x 10° Pa for 779.7 < x < 8234m

Boundary on right (x = 28883.29 m) of system
35,(28883.29, z, t)/0x = 0P, (28883.29,z,1)/0x =0 for 178.1 <z<779.7Tm, 0 < ¢t
P.(28883.29, z, )* = P,(28883.29, z, 1) = 1.053 x 10° Pa for 779.7 < 2 < 8234 m, 0 < ¢

* With S,(0, z, £) and S,(28883.29, z, f) defined by Egs. (4)—(5).
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exploration of gas generation. Uncertainty and sensitivity analysis results related to
corrosion, microbial degradation and total gas production are presented in Section 4.
Then, gas saturation and gas pressure in the individual waste blocks are investigated
in Section 5. Finally, gas migration through the shaft to the Culebra Dolomite is
considered in Section 6.

4. Gas generation

A summary of the results for gas generation due to corrosion is given in Fig. 3. The
three left frames in Fig. 3 show cumulative gas generation for the entire repository as
a function of time due to corrosion under humid conditions (upper left frame),
corrosion under inundated conditions (middie left frame) and corrosion under either
humid or inundated conditions (lower left frame). Each curve in these frames results
from a single Latin hypercube sample element (i.e., each frame has 22 curves, one for
each sample element). The range of gas production values under humid and inundated
conditions tends to be similar, which implies that neither of the two corrosion
conditions is dominating gas generation. The lower left frame is showing the total gas
production due to corrosion that takes place in the repository.

Formal sensitivity analysis techniques based on partial rank correlation [19, 20]
can be used to investigate the variation in cumulative gas production shown in Fig. 3.
As indicated by the (rank) correlation matrix

SEALPERM 1.00

BFPERM 0.54 1.00

SHI1PERM 0.00 0.04 1.00

SH2PERM —0.03 - 0.01 0.64 1.00

SH3PERM 0.05 0.11 0.52 0.80 1.00

SEALPERM BFPERM SHIPERM SH2PERM SH3PERM
(13)

the transformations given in Table 2 result in substantial correlations between SEAL-
PERM and BFPERM and also between SHIPERM, SH2PERM and SH3PERM.
In initial analyses based on partial rank correlation coefficients (PRCCs), 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 [36, Sections 1X.1,
IX.2] and [37]). To reduce the problems resulting from correlated input, the variables
BFPERM, SHIPERM and SH3PERM were dropped from the analysis. Rank cor-
relations also exist between GRCORH and GRCORI (ie.,, 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
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Fig. 3. Uncertainty and sensitivity analysis results for gas generation due to corrosion of steel.
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BFPERM and also between SHIPERM, SH2PERM and SH3PERM; thus, the
transformed variables GRCORH and GRMICH were left in the partial correlation
analysis. As a result, the following 13 variables were used in the calculation of the
PRCCs presented as part of this analysis: BRSAT, GRCORH, GRCORI, GRMICH,
GRMICI, MBPERM, MBPRES, SEALPERM, SH2PERM, STOICCOR, STOIC-
MIC, VMETAL and VWOOD. The PRCCs contained in this presentation were
calculated with the PCCSRC program [38].

The three right frames in Fig. 3 show time-dependent plots of PRCCs between
cumulative gas production and individual variables. The PRCCs in Fig. 3 and other
similar figures in this presentation are calculated on the basis of vertical slices through
the corresponding curves to the left of the PRCCs. Due to the relatively small sample
size in use (1.€., 22 observations for 13 independent variables), an absolute value cutoff
of 0.7 is used for the selection of the PRCCS for presentation. Specifically, a variable
was included in the plotted results only if its PRCC exceeded 0.7 in absolute value at
least one time on the abscissa. As a reminder, a positive PRCC indicates that two
variables tend to increase and decrease together, and a negative PRCC indicates that,
as one variable increases, the other tends to decrease.

Cumulative gas production due to corrosion under humid conditions is dominated
by GRCORH (gas-generation rate for corrosion of steel under humid conditions),
with cumulative gas production showing a strong tendency to increase as GRCORH
increases. In addition, cumulative gas production due to corrosion under humid
conditions tends to increase as STOICMIC (stoichiometric coefficient for microbial
degradation of cellulosics) increases and tends to decrease as BRSAT (initial brine
saturation of waste) and STOICCOR (stoichiometric factor for corrosion of steel)
increase. The positive effect for STOICMIC results from increased gas 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 each sample element. Increasing BRSAT
increases the amount of this steel that will be consumed by corrosion under inundated
conditions, with the result that the amount of gas that can be produced by corrosion
under humid conditions is reduced. The PRCCs for GRCORH are very close to 1,
with the result that STOICMIC, STOICCOR and BRSAT are actually making
relatively small contributions to the uncertainty in gas generation due to corrosion
under humid conditions.

Cumulative gas production due to corrosion under inundated conditions tends to
increase as GRCORI (gas-generation rate for corrosion of steel under inundated
conditions) and BRSAT increase and tends to decrease as GRCORH increases. The
positive effects for GRCORI and BRSAT result because increasing GRCORI in-
creases the rate at which gas is produced by corrosion under inundated conditions
and increasing BRSAT increases the amount of steel that will be consumed by
corrosion under inundated conditions. The negative effect for GRCORH results
because the increased consumption of steel and brine by corrosion under humid
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conditions reduces the amount of gas that can be produced by the corrosion of steel
under inundated conditions.

For total gas production due to corrosion, increasing each of GRCORI, GRCORH
and BRSAT tends to increase 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 panels. Typically, low gas production under humid
conditions is associated with higher gas production under inundated conditions and
vice versa. As a result, the total gas-production curves tend to lie farther above the
abscissa than many of the individual curves for corrosion under humid or under
inundated conditions.

Stepwise regression analysis [ 19, 20] can also be used to analyze the cuamulative gas
production results shown in Fig. 3. Analyses were initially tried with both raw (i.e.,
untransformed) and rank-transformed [39] data. As the analyses with rank-trans-
formed data consistently performed as well as or better than the analyses with raw
data, the regression analyses contained in this presentation use rank-transformed
data. The regression analyses were performed with the STEP program [40]. Variables
were required to have an a-value [41] of 0.02 to enter a regression analysis and to have
an a-value of 0.05 to be retained in the regression analysis. A considerable amount of
discretion was used in the selection of the stopping points for the individual regression
analyses and took into account the behavior of R2-values, a-values, the PRESS
criterion [42], and the entry of apparently spurious variables into the analysis.

The three regression analyses at the top of Table 4 are for cumulative gas produc-
tion over 10000 yr due to corrosion under humid conditions, under inundated
conditions and under humid or inundated conditions, respectively. Thus, these three
regression analyses are for the gas production values appearing above 10000 yr in the
three left frames of Fig. 3. The regression analysis for gas production under humid
conditions indicates a positive effect (i.e., a positive regression coefficient) for
GRCORH, with this variable accounting for 81% of the uncertainty in gas produc-
tion (i.e., R* = 0.81). The regression analysis for gas production under inundated
conditions did not identify any variables that satisfy the minimum condition to enter
the regression model (i.e., an a-value of at least 0.02). Scatter plots of cumulative gas
production over 10000 yr due to corrosion under inundated conditions versus the
individual variables in Table 4 show no obvious relationships. The regression analysis
for total gas production due to corrosion selected the variables GRCORI and
BRSAT, with GRCORI and BRSAT each having a positive effect on gas production.
However, the resolution in the regression model is low, with GRCORI and BRSAT
accounting for only 55% of the uncertainty in gas production due to corrosion.
Examination of scatter plots showed that no individual variable exerted a strong
influence on cumulative gas production over 10000 yr due to corrosion (e.g., see
Figs. 3-5 of Ref. [18]). 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 10°
and 1.0 x 10° mol.

A summary of the analysis results for gas generation in the entire repository due to
microbial degradation of cellulosics is given in Fig. 4. The three left frames in Fig. 4
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Table 4
Stepwise regression analysis with rank-transformed data for cumulative gas production over 10000 yr

Humid corrosion Inundated corrosion Total corrosion

Step®  Variable® SRC® R Variable® SRC®  R?*  Variable® SRC® R

1 GRCORH 0.90 0.81 No variables selected GRCORI 0.56 0.32
2 BRSAT 0.48 0.55
Humid Microbial Inundated Microbial Total Microbial

Step*  Variable® SRC® R?*  Variable® SRC®  R?*  Variable® SRC® R*

1 STOICMIC  0.69 0.57 STOICMIC 079 0.68 STOICMIC 095 091
2 GRMICH 0.34 0.68 BRSAT 033 079
3 GRCORH —024 085

Corrosion and Microbial

Step®  Variable® SRC® R*

1 STOICMIC  0.57 0.33

2 Steps in stepwise regression analysis.

®Variables listed in order of selection in regression analysis.

¢ Standardized regression coefficients (SRCs) in final regression model.

4 Cumulative R? value with entry of each variable into regression model.

show cumulative gas generation due to imicrobial degradation under humid condi-
tions (upper left), under inundated conditions (middle left) and under humid or
inundated conditions (lower left), respectively. As comparison with Fig. 3 shows, gas
generation due to microbial degradation is approximately 50% or less of the gas
generation due to corrosion. Gas production due to microbial degradation has more
curves close to zero than gas production due to corrosion due to the assignment of
a range of possible values for STOICMIC that extends to zero, which results in no gas
generation due to microbial degradation. The range of cumulative gas generation
shown in Fig. 4 for microbial degradation of cellulosics is slightly larger for inundated
than for humid conditions.

The right frames in Fig. 4 present sensitivity analysis results based on PRCCs as in
Fig. 3. For cumulative gas production under humid conditions, increasing each of
STOICMIC, GRMICH (gas-generation rate due to microbial degradation of cellu-
losics under humid conditions) and VWOOD (fraction of total waste volume occu-
pied by IDB combustible waste category) increases gas production and increasing
BRSAT decreases gas production. The positive effects for STOICMIC, GRMICH and
VWOOD result because increasing STOICMIC increases the amount of gas produc-
ed per unit of cellulose consumed, increasing GRMICH increases the rate of microbial
degradation under humid conditions, and increasing VWQOOD increases the amount
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of cellulose available for microbial degradation. In contrast, increasing BRSAT
decreases the amount of gas produced under humid conditions by increasing the
amount of cellulosics that will be consumed under inundated conditions. For cumu-
lative gas production under inundated conditions, increasing each of STOICMIC,
BRSAT and GRMICI (gas-generation rate due to microbial degradation of cellulosics
under inundated conditions) increases gas production. Increasing STOICMIC in-
creases the amount of gas produced per unit of cellulose consumed; increasing BRSAT
increases the amount of cellulose that will be consumed under inundated conditions,
and increasing GRMICI increases the rate of microbial degradation under inundated
conditions. The dominant variable for cumulative gas production due to microbial
degradation is STOICMIC, which has an increasingly important positive effect with
time and ultimately dominates the variability in cumulative gas production. The
variables GRMICI and GRMICH also have positive effects at early times and then
decrease in importance.

The three regression analyses in the center of Table 4 are for cumulative gas
production over 10000 yr due to microbial degradation under humid conditions,
under inundated conditions and under humid or inundated conditions, respectively.
Thus, these regression analyses are for the gas-production values appearing above
10000 yr in the left frames of Fig. 4. For gas production under humid conditions, the
variables STOICMIC and GRMICH can account for 68% of the observed uncertain-
ty in gas production, with gas production tending to increase with increasing values
for STOICMIC and GRMICH. For gas production under inundated conditions, the
variables STOICMIC and BRSAT can account for 79% of the observed uncertainty
in gas production, with gas production tending to increase as each of these variables
increases. When the additional variable GRCORH is added to the regression model,
85% of the uncertainty in gas production can be accounted for, with gas production
tending to decrease as GRCORH increases because increased gas production tends to
decrease the fraction of the pore volume that is filled with brine and hence reduce the
amount of microbial degradation that takes place under inundated conditions. For
total gas production, the regression analysis identified only the variable STOICMIC.
However, STOICMIC was able to account for 91% of the observed uncertainty.

The cumulative gas production in the repository due to corrosion and to microbial
degradation can be combined to produce total gas production as shown in the left
frame of Fig. 5. Most sample elements result in a total gas production over 10000 yr
between 5 x 10® and 1.2 x 10° 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 shown in Fig. 6, the inventory of steel and cellulosics is
often exhausted or significantly depleted after the first few thousand years.

The right frame in Fig. 5 presents sensitivity analysis results based on PRCCs for
total gas production. Positive effects are indicated for GRCORH, GRMICH, STOIC-
MIC and BRSAT, and negative effects are indicated for STOICCOR. For the entire

o
%

Fig. 4. Uncertainty and sensitivity analysis results for gas generation due to microbial degradation of
cellulosics.
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Fig. 5. Uncertainty and sensitivity analysis results for total gas production (i.e., both corrosion of steel and
microbial degradation of cellulosics).

10000 yr period, the most important variables are STOICMIC, BRSAT and STOIC-
COR.

The regression analysis for total gas production over 10000 yr due to both cor-
rosion and microbial degradation is presented at the bottom of Table 4. The only
variable selected in the analysis is STOICMIC, which has a positive regression
coefficient and can account for 33% of the uncertainty in total gas production. The
indicated effect for STOICMIC is consistent with its dominant influence on gas
generation due to microbial degradation as indicated in Fig. 4 and Table 4. However,
a regression model with an R? value of 0.33 is failing to account for much of the
uncertainty. As for cumulative gas production over 10000 yr due to corrosion, the
examination of scatter plots indicates that no single variable exerts a dominant
influence on cumulative gas production due to corrosion and microbial degradation.

The two left frames in Fig. 6 show the time-dependent steel and cellulosic invento-
ries associated with the individual sample elements. The two right frames present
corresponding sensitivity analyses based on PRCCs. 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, GRCORH and BRSAT have negative effects on the steel inven-
tory. The negative relationships involving GRCORI, GRCORH and BRSAT result
from their effects on increasing the rate of corrosion. The cellulosic inventory is
initially dominated by VWOOD, with the importance of this variable decreasing
rapidly with time. An additional positive effect is indicated for STOICMIC. Increas-
ing STOICMIC tends to increase gas production and thus increase the fraction of the
waste panel pore volume that is filled with gas; in turn, this reduces the rate at which
cellulose is consumed by microbial degradation. Negative effects are indicated for
GRMICI, GRMICH and BRSAT, with increasing values for each of these variables
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Fig. 6. Uncertainty and sensitivity analysis results for steel and cellulosic inventories in waste repository.

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.

5. Gas saturation and pressure in waste panel

Time-dependent values for average gas saturation in the individual waste blocks
(i.e., averaged over entire waste block) are presented in the left column of Fig. 7.
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Fig. 7. Uncertainty and sensitivity analysis results for gas saturation in individual waste blocks.
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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 Fig. 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 PRCCs for gas
saturation in the right column of Fig. 7 show for all three waste blocks, increasing
GRCORH and GRMICI tends to increase gas saturation and increasing BRSAT
tends to decrease gas saturation, with these effects resulting because increasing
GRCORH 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), with this effect occurring because increasing MBPERM increases the
rate at which brine flows into Waste Block C from anhydrite layers in the Salado
Formation. Due to the structure of the computational grid shown in Fig. 1, most
inflowing brine enters the repository through Waste Block C. In addition, the variable
STOICCOR 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 correla-
tions between STOICCOR 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 Fig. 8, time-dependent gas pressure in the individual
waste blocks tends to increase monotonically until a maximum is reached and then
undergoes a slower monotonic decrease. The largest gas pressures are approximately
2 MPa above the lithostatic pressure of 14.8 MPa. The gas pressures in the three
waste blocks are quite similar. As comparison of the left column in Figs. 7 and 8
shows, there is more variability in gas saturation between the waste blocks than in gas
pressure. Thus, gas appears to be flowing between the waste blocks to a greater extent
than brine.

The PRCCs for gas pressure in the right column of Fig. 8 indicate that SEAL-
PERM (permeability of seals between waste panels) and SH2PERM (middle shaft
section permeability) are the two most important variables influencing gas pressure,
with gas pressure tending to decrease as each of these variables increases. Prior to
5000 yr, gas pressure tends to increase as the variables GRCORH, GRMICH and
BRSAT increase due to the influence of these variables on increasing gas production.
However, as shown in Fig. 5, most gas production is 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.
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Fig. 8. Uncertainty and sensitivity analysis results for gas pressure in individual waste blocks.
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Fig. 9. Uncertainty and sensitivity analysis results for total pore volume in repository.

The 1991 WIPP PA did not directly model closure of the waste panels. Instead, the
interaction of gas generation and panel closure was incorporated into the analysis by
setting the initial pore volume in each waste panel to the volume necessary to contain
all waste-generated gas at lithostatic pressure (i.c., 14.8 MPa) as described in Section
3.1 of Ref. [16]. As a result, initial pore volume is a function of STOICCOR,
STOICMIC, VMETAL and VWOOD. As shown in the left frame of Fig. 9, 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
PRCCs in the right frame of Fig. 9 indicate that pore volume is indeed a function of
STOICCOR, STOICMIC, VMETAL and VWOOD.

6. Gas migration

A primary focus of this study and its two companion studies [21,22] is the
migration of gas away from the waste panels. For this presentation, this means gas
migration through the shaft to the Culebra Dolomite. As shown by the two left frames
in Fig. 10, most gas leaving the repository flows up the shaft to the Culebra Dolomite.

Sensitivity analysis results based on PRCCs for cumulative gas flow out of the
repository are given in the upper right frame of Fig. 10. 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,
GRCORI and GRCORH increase due to the effect of these variables on increasing
gas generation, and gas outflow increases as SEALPERM and SH2PERM increase
due to decreased resistance to gas flow.

The sensitivity analysis results for cumulative gas flow through the shaft to the
Culebra Dolomite appear in the lower right of Fig. 10. As examination of the PRCCs
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Fig. 10. Uncertainty and sensitivity analysis results for cumulative gas flow out of repository and through
shaft to Culebra Dolomite.

in this frame shows, the analysis is initially unstable with wide swings in the values for
these coefficients. This instability results from the fact that many of the releases to the
Culebra Dolomite are 0 at early times (i.e., <1500 yr), with the result that the analysis
results are dominated by random noise for the first 1500 yr (e.g., changing from 19
zeros out of 22 observations to 18 zeros out of 22 observations can cause large, but
meaningless, swings in the values for the partial correlation coefficients). After about
3000 yr, the effects of the individual variables are clearer, with positive effects in-
dicated for variables that increase gas generation (i.e., BRSAT and GRCORH) and
decrease resistance to gas flow (i.e, SEALPERM and SH2PERM). However, four
sample elements result in no release to the Culebra, which tends to reduce the
effectiveness of the PRCCs in identifying the effects of individual variables.
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Fig. 11. Scatter plots for cumulative gas flow over 10000 yr through the shaft to the Culebra Dolomite for
following variables: BRSAT, SEALPERM, SH1PERM, SH2PERM and SH3PERM.
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When zero observations and possibly other patterns of behavior are present, the
examination of scatter plots can help reveal the relationships between sampled and
calculated variables. The scatter plots for cumulative gas flow through the shaft to the
Culebra Dolomite over 10000 yr versus five individual variables are shown in Fig. 11.
These variables were selected as having the strongest relationships with cumulative
gas flow through the shaft to the Culebra Dolomite on the basis of a visual examina-
tion of the scatter plots for the 16 variables defined in Table 2. Although all the scatter
plots show a positive relationship between the sampled variable and cumulative gas
flow, none of the relationships are very tight. Further, the four zero releases are
scattered over the range of each sampled variable. Thus, no single variable appears
to dominate cumulative gas release to the Culebra. As shown in Eq. (13), the shaft
seal permeabilitiecs SHIPERM, SH2PERM and SH3PERM are correlated, and only
the middle shaft permeability SH2ZPERM was included in the partial correlation
analysis.

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

7. Discussion

The inventories of steel and 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 10000 yr period under consideration. Overall, the most important variables
for total gas production are the two stoichiometric terms and initial brine saturation.

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

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

Gas flow to the Culebra resulted for 18 of the 22 sample elements used in the
analysis. Thus, the sealing system modeled in this analysis does not prevent gas flow to
the Culebra. The dominant variables with respect to such flow were initial brine
saturation in the waste, permeability of seals between waste blocks, and permeability
of seals in the shaft. In contrast, brine flows 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 present analysis used a Latin hypercube sample of size 22 from 16 imprecisely
known variables. Comparison of analysis results with those obtained in Ref. [21],
which used a sample of size 60 from 14 variables, suggests that use of a somewhat
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larger sample size would have produced better-defined resuits. However, it is unlikely
that any of the insights obtained in the analysis would change significantly.

The uncertainty and sensitivity analysis techniques used in this study provide
a powerful technique for model verification. Reassuringly, no errors in the implemen-
tation or operation of BRAGFLO were observed.
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