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Los Alamos National Laboratory
Latin hypercube sample
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quality assurance
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Sandia WIPP Central Files
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APPENDIX PAR

Appendix PAR contains documentation (that is, parameter sheets) for the 57 parameters
which were sampled by the Latin hypercube sample (LHS) code during the performance
assessment (see also Section 6.1.5 for discussion on probabilistic analyses and Section 6.1.5.2
for discussion on LHS). The results of the LHS sampling are contained in Appendix IRES
(Intermediate Results). Addittonal information relevant to the parameters are contained in
Appendices MASS, SOTERM, and WCA.

The parameter sheets for the sampled parameters appear in this appendix. In addition, fixed-
value parameters used in the performance assessment codes are tabulated at the end of
Appendix PAR. For additional information regarding all parameters, readers are referred to
the parameter records packages which are contained in the Sandia National Laboratories
(SNL) Waste Isolation Pilot Plant (WIPP) Central Files (SWCF).

PAR.1 Parameter Development Process

The development of parameter values is covered in Quality Assurance Procedure (QAP)
Quality Assurance Requirements for the Selection and Documentation of Parameter Values
used in WIPP Performance Assessment (QAP 9-2). The process includes documentation of
parameter development by those responsible for completion of a particular experimental
investigation, development of a system design, or by staff involved in the performance
assessment modeling process. All of the references pertaining to parameter selection are
contained within the three levels of parameter and data documentation: 1) WIPP Data Entry
Form 464, 2) parameter records packages, and 3) supporting data records packages.

The WIPP Data Entry Form 464 is the highest level record documenting parameter
development that includes application of statistics and interpretations. The WIPP Data Entry
Form 464s include a source section which is a pointer to supporting information including,
where applicable, the parameter records package(s). All values provided in Appendix PAR
were derived from the WIPP performance assessment parameter database. These numbers
may differ slightly from those contained in the Form 464s because of rounding.

The parameter records packages include a data and distribution summary, quality assurance
(QA) status of the data and related interpretive numerical codes, references to related
information, such as SAND reports, test plans, and related SWCEF file codes, and, where
applicable, a summary on the experimental data collection (that is, method used, assumptions
made in testing, and interpretation). The parameter records packages point to the supporting
data records packages. The data records packages contain information such as the raw data,
analysis, and data interpretation.

Each WIPP Data Entry Form 464, parameter records package, and supporting data records

packages are assigned unique WPO numbers. Copies of the Form 464s, parameter records
package, and supporting data records packages are maintained in the SWCF.

DOE/CAO 1996-2184 PAR-1 October 1996
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WIPP performance assessment parameters are classified as follows:

Category 1)  Parameters that do not fall into Categories 2 through 4 but are necessary to
WIPP performance assessment calculations.

Category 2)  Parameters representing the inventory of the waste to be emplaced in the WIPP
as defined in the Waste Isolation Pilot Plant Transuranic Waste Baseline
Inventory Report (TWBIR) (DOE 1996) (included in this certification
application as Appendix BIR).

Category 3)  Parameters representing physical constants {for example, the half-life of a
radionuclide, gravitational constant).

Category 4a) Parameters that are assigned based on an assumed correlation of properties
between similar materials.

Category 4b) Parameters that are model configuration parameters.
PAR.2 Parameter Distributions

Probability distributions are used to characterize the uncertainty concerning the value of a
parameter. Numbers that characterize a particular distribution include the range, the mean,
median, and mode.

* Range. The range of a distribution can be denoted by (a,b), a pair of numbers in which
a and b are minimum and maximum values of the parameter, respectively.

* Mean. Analogous to the arithmetic average of a series of numbers, the mean value of
a probability distribution is one measure of the central tendency of a distribution. For
nonsymmetrical distributions that are considerably skewed, the mean value may not lie
near the median or mode (see below).

* Median. The median value of a probability distribution (denoted here by x,) is the
50th percentile, the value in the distribution range at which 50 percent of all values lie

above and below.

*  Mode. The mode is the most probable value of the uncertain parameter; that is, the
maximum value of the associated probability density function (PDF).

PAR.2.1 Distribution Types and Applications
Distributions used to characterize uncertainty in parameters of the performance assessment

include: uniform, cumulative, triangular, Student’s-t, delta, normal, loguniform,
logcumulative, lognormal, and constant.

October 1996 PAR-2 DOE/CAO 1996-2184



—

10
11
12
13
14
15
16
17
18

19
20
21

22

23
24
25

Title 40 CFR Part 191 Compliance Certification Application

Uniform Distribution

Density Function: fix) = 1 A<x<B
B-A
Distribution Function: F(x) = x-A A<x<B
B-A
Expected Value and Variance: Ex) = A8 vixy = 8- Ay
2 12
Median: X,s = mean

Use of the uniform distribution is appropriate when all that is known about a parameter is its
range (a,b); the uniform distribution is the Maximum Entropy distribution under these

circumstances (Tierney 1990).

Cumulative Distribution

A cumulative cistribution (also called a constructed distribution) is described by a set of N

ordered pairs:

(x,,0), (x.P,), (x3.P5), .., (xN,l) {ie., P, =0 and PN = 1 always}

where x, <x,<x;<...<Xxy andO0<P,<Py<...<Py <1

Because of the nature of the data, the PDF for this distribution takes the form:

0 if E < X;

P -P

P(g) - i n-1 -
xﬂ. fn

.
0 if £ > x,

and so the cumulative distribution function (CDF) takes the form:

DOE/CAO 1996-2184 PAR-3
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if £ < x,
0 x_<E<x
s (PP, Ex.)
P, [X<E = OE) s P,_, + — n-1 n-1 n= 23, .. N
(x,-x,_)) if £ > x,
1
al (x,+x )
Expected Value: E - p-p n” n-l
0 22 (P, =P, ) ——
V . . N (xnz_‘_x y +xn2_])
ariance: V(X) - z (Pn_Pn_i) n ; _{E(X)}2
n=2
) 0.50-P
Median: Xoso = Xy ™ Xy ©0- 7. where P < 0.50 < P .
- (Pm-Pm—l)

The cumulative distribution takes its name from the fact that it closely resembles the empirical
CDF obtained by plotting the empirical percentiles of the data set (X,,X,,X;, ..., Xy) (Blom
1989, 216). The cumulative distribution used here is the result of plotting the subjectively
determined percentile points (x,,P,), (x,,P,), (X3,P3) ..., that arise in a formal elicitation of
expert opinion concerning the form of the distribution of the parameter in question. A simple
form of the cumulative distribution is used when the range (a,c) of the parameter is known and
the analyst believes that his or her best estimate value, b, is also the median (or 50" percentile)
of the unknown distribution. In this case, the subjectively determined percentile points take
the form: (a, 0.0}, (b, 0.5), (c, 1.0) (Tierney 1990).

The cumulative distribution is the Maximum Entropy distribution associated with a set of
percentile points (x,,P,), (x,,P,), ..., (Xx, Py), n0 matter how that set of percentile points is
obtained (that is, independent of whether the points are empirically or subjectively derived)
(Tierney 1990).

Triangular Distribution

Density Function: fix) = _26-a) a<x<bh
(c-a)(b-a)

= _2& b<xzc
(c-a)(c-b)

October 1596 PAR-4 DOE/CAO 1996-2184
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Distribution Function:

Expected Value:

Variance:

Median:

F(x) = _ G- a<xs<bh
(c-a)(b-a)
_ (b-a) (x+b-20)(x-b) bex<c
(c-a) {(c-a)(c-b)
E - a+b+c
(X) 3
_ ala-b) +bb-c) +c(c-a) B
VixX) = ri\\

X, = a+ -a)b-a) if ps 7€
) 2 2
- oo (c- b)Y(c-a) if bga+c

2 2

18

. T

The triangular distribution is defined on the range (a.c) and has mode b. The mode can equal
either of the two boundary values, which may simplify the computations above (Iman and

Shortencarier 1984).

Use of the triangular distribution is appropriate when the range, (a,c), of the parameter is
known and the analyst believes that his or her best estimate value, b, is also the mode (or most
probable value) of the unknown distribution.

Student’s-t Distribution

A Student’s-t distribution is a Bayesian distribution for the unknown mean value of a
parameter. Its use is appropriate when one has measured values of the parameter available (in
contrast to values obtained subjectively through elicitation of professional opinion). If N

denotes the number of measurements available, and X,, X,, X, ...

, Xy, denote the values of

the measurements, then the expected value or mean of the Student’s-t distribution is the
sample standard deviation divided by vN; the median value is equal to the mean value.

DOE/CAQ 1996-2184
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The Student’s-t distribution applies when there are few measurements, say 3<N<10. For large
N, say N>20, there is little difference between the t-distribution and a normal distribution (see
below) with the same mean and standard deviation.

Delta Distribution

The delta distribution is used to assign probabilities to the elements of some set of objects.
For example, if the set consists of four alternative mathematical models of some phenomena
and each model is labeled with one of the integers {1,2,3,4}, in other words,

M, M,, M;, M,

then we might assign the vector of probabilities (p,, p,, ps, p,), Where each p; is a number
between O and 1 and

pi+p;+pitp, =L

The CDF associated with this delta distribution can be symbolically expressed by

4
F(x) = Z pu(x-n).
n=1

The graph of this CDF can be visualized as an ascending staircase starting at zere level for x
less than one, and having steps of height p_ at the points x =1, 2, 3, 4.

The notion of mean value and variance still apply to a delta distribution, but the meanings of
these quantities may require careful interpretation. If the M, represent four different functions
(say, discharge as a function of pressure), then it makes sense to talk about mean and variance
functions. For the example of the four alternative mathematical models, the mean
mathematical model is the linear combination

4
M =3 pM,

n=1
and the variance of the models is similarly defined:

37 - 24: pai-m,f

n=1

October 1996 PAR-6 DOE/CAQ 1996-2184
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The notion of median value is meaningless for a delta distribution.

Normal Distribution

vl
Density function: fix) = 1 exp Ikl 1Y G
oy27 20°
X 20
Distribution function: F(x) = f fiNdt -= < x <o

Expected value and variance: E(X)=yu and V(X) = o*.

The WIPP Performance Assessment Program employs a truncated normal distribution where
data are concentrated within an interval (lowrange, hirange) (Iman and Shortencarier 1984).
The parameters of the truncated distribution can be expressed as follows:

EX) =p = (lowrange 2+ hirange) VX) = o? = hirange 6—1;owrange z

Median = mean () and lowrange = 0.01 quantile, hirange = 0.99 quantile. The range of the
random variable is arbitrarily set to (lowrange, hirange). Alternatively, the expected value p
and the standard deviation 6 can be specified by the user of this distribution; in this case, the
random variable takes on the range (-, =) and will need to be truncated to a finite interval
and renormalized.

Use of the normal distribution is appropriate when it is known that the parameter is the sum of
independent, identically-distributed random variables (this is seldom the case in practice) and
there are a sufficient number of measurements of the parameter (N > 10) to make accurate,

unbiased estimates of the mean (u) and variance (¢%) (Sandia WIPP Project 1992; Tierney
1990).

Loguniform Distribution
If X has a loguniform distribution on the interval from A to B where B > A > 0, then ¥ = log,,

X has a uniform distribution from log,; A to log,, B (Iman and Shortencarier 1984).

Density Function: fx) = l(]n B-1n A) A<x<B
X

DOE/CAO 1996-2184 PAR-7 October 1996
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In x-In A

Distribution Function: Fx) = ———= A<x<B8B
In B-1ln A
Expected Value: EX) = B-A
In B-1ln A
Variance: VX) = (B-A) (In B-1n AY(B+A)-2(B-A)
s 2(In B-In A
Median: X, = JAB

Use of the loguniform distribution is appropriate when all that is known about a parameter 1s
its range (a,b) and B/A » 10; that is, the range (a,b) spans many orders of magnitude.

Logcumulative Distribution

In this case, the independent variable is Y, where Y =log X. As with the cumulative
distribution, this distribution is described by a set of N ordered pairs:

¥:0)s GpPy)s Py woos (yyel) {that is, P, =0 and P, = 1 always)

where y, <y, <y;<..<yyandO<P,<P,<... <Py <1

Because of the nature of the data, the PDF for this distribution takes the form:

0 if £ < x,
P-P
PE) = —a i L ifx cE<x, n=23 LN
In x, ~Inx _, §
0 if & 2 x,
and so the CDF takes the form:
if € < x,
0 x . <E<x
(P-P _YIn&-Inx ) if n-1 x
P X< =P, + =2,3, . N
(In x -In x_,) i E > x,

1
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il (x,~x,,)

Expected Value: EX) =Y (P-P ) —2 "1
" Ilmx -lnx

. . N )cz_x2 )

Variance: VX)) =Y _1_ - ( . ~{EX))?
o 2 (ln x,~Inx_))

Median:

v (O'SO_Pm-l)
X, = 10 x, o tx -x, ) ———— where P, <0.50<P .

(Pm"Pm—l

Lognormal Distribution

If X ~ N(pp, 0°) and ¥ = %, the Y has a lognormal distribution.

Density function: fy) = 1 exp -(In y- p)z} y>0

yoy2m 20°

¥
Distribution function: F(x) = f fd: vy >0

2

Expected value and variance: E(Y) = exp(p +%] V) = exp(2p + 02)[exp(02)—1]

Median: Xps=¢"

As with the normal distribution, the lognormal distribution requires lowrange and hirange

values. These values are in logarithmic form and are utilized in a normal distribution to
determine 2 mean (p) and a variance (%), which in turn are used to identify the expected value

and variance for the lognormal distribution (Iman and Shortencarier 1984).

DOE/CAQ 1996-2184 PAR-G
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Constants

Parameters may also be assigned a constant value in the performance assessment parameter
database. These parameters are tabulated at the end of the appendix.

PAR.3 Key to Parameter Sheets

The parameter sheets included in this appendix contain a variety of information, some of
which is extracted from the WIPP performance assessment parameter database. Information
presented in the parameter sheets is grouped into boxes labeled as follows:

Parameter(s): The name of the parameter and the disposal system feature with which it is
associated.

Parameter Description: The Parameter Description box defines the parameter and, where
appropriate, explains the role of the parameter in the modeling.

Material and Parameter Name(s): This box provides a link to the performance assessment
parameter database. The parameter label listed first is taken from the performance assessment
model parameter database field IDMTRL, which identifies the type of material in the disposal
systern being modeled (for example, S_MB 139 means Salado Marker Bed [MB] 139). The
second label describes the performance assessment model parameter name for the physical or
operational meaning for the parameter (for example, SAT_RBRN means residual brine
saturation). The number associated with a parameter is the unique identification number (ID)
established in the WIPP performance assessment parameter database.

Computational Code(s): A list of the current computational models used by the
Performance Assessment Department that require specification of the parameter.

Parameter Statistics: The box identifies the mean, median {(or mode in the case of a
triangular distribution), maximum, minimum, and standard deviation of the parameter
distribution. All values provided in Appendix PAR were derived from the WIPP performance
assessment parameter database. These numbers may differ slightly from those contained in
the Form 464s because of rounding.

Units: The physical units of the parameters (usually expressed in metric units).

Distribution Type: This box identifies the type of parameter distribution (see Section
PAR.2.1).

CDF¥/PDF Graph: This box contains graphs of an empirical CDF. The graphs were produced

using the 100 values that were sampled with the LHS procedure used in the performance
assessment calculations (note the irregularities in the curves owing to the finite sample size).

October 1996 PAR-10 DOE/CAQ 1996-2184
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The mean, median, and the standard deviation of the parameter’s distribution are plotted on
the graph of the empirical CDF.

Data: The basis for the parameter values or parameter distribution is provided in this section.
All values provided in Appendix PAR were derived from the WIPP performance assessment
parameter database. These numbers may differ slightly from those contained in the Form
464s because of rounding. The parameters are derived from the following kinds of data and
information:

» Site-specific or waste-specific experimental data. This data includes information
obtained from in-situ experiments and research conducted at off-site laboratories (for
example, permeability data, microbial gas generation). This category also includes
simulated waste experiments and may indicate correlations made with other material
regions based on professional judgment.

o  Waste-specific observational data. This category includes data obtained through
observation or empirical analysis, such as semi-quantitative and qualitative visual
characterization or acceptable knowledge of transuranic (TRU) waste (for example,
waste components).

*  Professional judgment. This category of information may involve the use of
experimental or observational data from other non-WIPP contexts; interpreting
information obtained from the general literature; or rmay be based on general
engineering knowledge (see below).

Professional judgment is synonymous with performance assessment category 4
parameters; in some cases, professional judgment can be used in assigning values to
category | parameters.

* (eneral Literature Data. This category of information includes that obtained from
reports, journal articles, or handbooks relevant to systems or processes being modeled
in the performance assessment. It is often employed in conjunction with professional
judgment.

* General Engineering Knowledge. This category of information identifies parameter
values obtained from knowledge of standard engineering principles.

Readers are referred to parameter records packages and associated data packages maintained
in the SWCF for additional information.

Discussion: This section identifies the source(s) of parameter value(s) and the rationale for

the parameter distribution and may clarify use of a particular parameter. Other relevant
background information is also included in this section, where clarification 1s appropriate.

DOE/CAO 1996-2184 PAR-11 October 1996
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References: All of the references pertaining to parameter selection are contained within the
three levels of parameter and data documentation: 1) WIPP Data Entry Form 464, 2)
parameter records packages, and 3) supporting data records packages. Selected references
cited in the parameter records packages are included in the parameter sheets to establish data
quality. In addition, selected memoranda cited in the parameter sheets are contained in
Appendix MASS for convenience.

PAR.4 Parameter Correlation

Parameter correlations used in performance assessment are exclusively in LHS.
Consequently, parameter correlations affect only sampled parameters described in the attached
parameter sheets. Two types of parameter correlations are used, defined as explicit parameter
correlation and induced parameter correlation. This section addresses the following criteria

concerning parameter correlations, as specified in 40 CFR § 194.23(c)(6):

(c) Documentation of all models and computer codes included as part of any compliance application
performance assessment calculation shall be provided. Such documentation shall include, but shall
not be limited to:

(6) An explanation of the manner in which models and computer codes incorporate the effects of
parameter correlation.

_ Explicit parameter correlations are introduced or prohibited in LHS by the restricted pairing
.* technique of Iman and Conover (1982). Three parameter correlations are specified in this
" performance assessment through this technique. These correlations are all related to rock

compressibility and permeability. In the MB 139 material region in BRAGFLO, rock
compressibility (COMP_RCK, ID # 580) and intrinsic permeability (PRMX_LOG, ID #591)
are inverse-correlated with a correlation coefficient of -0.99. In the Salado impure halite
material region in BRAGFLO, rock compressibility (COMP_RCK, ID #19) and intrinsic
permeability (PRMX_1LOG, ID #18) are inverse correlated with a correlation coefficient of
~0.99 (BRAGFLOQO). In the Castile brine reservoir material region in BRAGFLO, rock
compressibility (COMP_RCK, ID #29) and intrinsic permeability (PRMX_LOG, ID #28) are
inverse correlated with a correlation coefficient of -0.75. Explicit parameter correlation is not
used to correlate other sampled parameters.

Rock compressibilities and intrinsic permeabilities are correlated to be most consistent with
interpretations of the hydraulic tests that have been performed in these units. In hydraulic
testing, hydraulic diffusivity, the ratio of permeability to compressibility, is determined more
precisely than either permeability or compressibility alone. Introducing the correlation of the
permeability and compressibility parameters in performance assessment better represents the
knowledge of the formation gained from hydraulic testing than specifying no correlation
whatsoever.

An induced correlation in performance assessment is created when a parameter sampled in

LHS (the underlying variable) is used to define the values of other parameters (defined
variables). This is a prevalent method of correlation in this performance assessment. For

October 1996 PAR-12 DOE/CAQ 1996-2184
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example, uncertainty in dissolved actinide oxidation states is represented in LHS by sampling
the OXSTAT parameter (ID #3417). The results of this sampling are used in part to
determine actinide solubilities (NUTS and PANEL), colloidal actinide concentrations (NUTS
and PANEL), and K, values (SECOTP2D) used for a particular vector. Selected examples of
other induced parameter correlations include:

» the underlying variable x-direction permeability and the defined variables y- and z-
direction permeabilities in many materials (BRAGFLO),

e the underlying variable x-direction permeability and defined variable threshold
pressure in many materials (BRAGFLO),

¢ the underlying variable americium properties and the defined variable curium
properties (NUTS, PANEL, and SECOTP2D),

« the underlying variable Lower Salado Clay permeability and the deftned variable
permeabilities of other clay members of the shaft seal system (BRAGFLO},

» the underlying variable residual gas saturation (or other two-phase flow parameters) in
many materials and the defined variable residual gas saturation (or other two-phase
flow parameters) in other materials (BRAGFLO), and

o the underlying variable CUMPROB and the defined variables of time-dependent
permeabilities of the compacted salt seal permeabilities in the shaft. Where relevant,
parameter sheets in Appendix PAR contain information related to parameter

correlation. i

No correlations were used in this performance assessment for certain parameters used to

describe transport in the Culebra for which the possibility of correlation might be suspected. . o

The treatment in performance assessment is most consistent with available information,
because, as discussed in Appendix MASS (Attachments MASS 15-10 and 15-6, 14),
correlation of well-to-well transmissivity versus well-to-well advective porosity and matrix
block length is not evident in existing data, nor is the correlation between advective porosity
and matrix block length.

There are four additional ways in which parameter correlations may be considered to be used
in this performance assessment, although they are not typically discussed as correlations per
se. In a given LHS sample element, there is a correlation of 1 (100 percent) between the
single observation of subjective uncertainty (the LHS sample for a complementary cumulative
distribution function (CCDF) with all of the sequences of random future events (scenarios)
used to construct a CCDF. This is discussed in Chapter 6.0, Section 6.1.

A correlation is made between the scenario being considered and the chemical properties
(chemical composition) of brine in the repository (the physical properties viscosity and density

DOE/CAO 1996-2184 PAR-13 October 1996
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are assumed to be the same for all scenarios). Brine composition affects actinide solubility.
For undisturbed performance and E2 scenarios, brine composition is considered to be that of
Salado brine. For the E1 and E1E2 scenarios, the brine composition is considered to be that
of Castile brine. This is discussed in Chapter 6.0 (Section 6.4.3.4).

There are some correlations made in the construction of a CCDF regarding the similarity of
events in a sequence of random future events. For example, the volume released by
particulate spall and direct brine flow to the surface during an intrusion event are assumed to
be the same for the third and subsequent intrusions into the repository as they were for the
second intrusion. This is discussed in Chapter 6.0 (Section 6.4.13).

Finally, there are also correlations among model parameters developed explicitly by the
governing equations of computational models used. For example, the porosity of nodal blocks
in BRAGFLO is a function of the initial porosity, pressure change, and compressibility.

These types of relationships among parameters are documented in the appendices for specific
codes.

L]
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Parameter I: Inundated Corrosion Rate for Steel Without CO, Present

Parameter Description:

This parameter is used to describe the rate of anoxic steel corrosion under brine inundated
conditions and with no CO, present (see Appendix BRAGFLO, Section 4.13).

Material and Parameter Name(s):

STEEL CORRMCO?2 (#2507)

Computational Code: BRAGFLO

mean median minimum maximum std. deviation
7.937x 1078 7.937 x 107 0 1.587 x 107 0
Units: m/s

Distribution Type: Uniform

CDF/PDF Graph

STEEL CORRMCOZ
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»
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02 3 Sumuletve Probability 3
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Parameter 1: Inundated Corrosion Rate for Steel Without C(), Present (Continued)

Data: Site- Specific Experimental Data

The parameter records package associated with this parameter is located at SWCF-
A:WBS1.1.09.1.1:PDD:QA :Estimates of Gas Generation (WPO 30819).

Discussion:

Without CO, present, anoxic steel corrosion will proceed via the reaction: Fe® + 2H,0 =
Fe(OH), + H,. The upper limit of the parameter is determined from long-term anoxic steel
corrosion experiments. The minimum rate is set to zero because experimental work indicates
that salt crystallization on the steel surface could potentially prevent steel corrosion (Wang and
Brush 1996).

WIPP Data Entry Form #464 WPO#: 34357

References:

Wang, Y. and Brush, L. 1996. Memorandum to Martin Tierney, Re: Estimates of Gas-
Generation Parameters for the Long-Term WIPP Performance Assessment, January 26, 1996.
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Parameter 2: Probability of Microbial Degradation of Plastics and Rubbers in the Waste
in the Event of Significant Microbial Gas Generation

Parameter Description:

This parameter is used to index alternative models of microbial degradation of plastics and
rubbers in the waste i the repository in the event of significant microbial gas generation. Itis
a sampled parameter for the waste emplacement area and the waste, and the values are then
applied to the repository regions outside of the panel region.

Material and Parameter Name(s):

WAS_AREA  PROBDEG (#2823)
REPOSIT PROBDEG (#2824)

Computational Code: BRAGFLO

mean median minimum maximum std. deviation

n.a. n.a. 0 2 n.a.

Units: None

Distribution Type: Delta (see Figure PAR-1 for values.)

DOE/CAD 1996-2184 PAR-17 October 1996
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Parameter 2: Probability of Microbial Degradation of Plastics and Rubbers in the Waste
in the Event of Significant Microbial Gas Generation (Continued)

CDFE/PDF Graph

WAS_AREA PROBDEG

08 E- ~

Cumutative Probability

. DELTA Distribution E

02 3 Cumulative  Probability 3

+ Sampled Data

Varable 2 in LHS
00 T | P R S S S S S

1.
PROBDEG

MOTHE  woon %200 20 raucos oo

Data: General Engineering Knowledge - Professional Judgment

A discussion of the data associated with this parameter may be found in Tiemey (1996) and
the following parameter records package: SWCF-A:WBS1.1.09.1.1:PDD:QAEstimates of
Gas Generation (WPO 30819).

Discussion:

Cellulosics, plastics, and rubbers have been identified as the major organic materials to be
emplaced in the WIPP repository (DOE/CAQO 1996) and could be degraded by microbes in
10,000 years. The occurrence of significant microbial gas generation in the repository will
depend on: (1) whether microbes capable of consuming the emplaced organic materials will
be present and active; (2) whether sufficient electron acceptors will be present and available;
and (3) whether enough nutrients will be present and available. Considering uncertainties in
evaluation of these factors and also in order to bracket all possible effects of gas generation on
the WIPP performance assessment, a probability of 50 percent is assigned to the occurrence of
significant microbial gas generation (Wang and Brush 1996).

October 1996 PAR-18 DOE/CAO 1996-2184
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Parameter 2: Probability of Microbial Degradation of Plastics and Rubbers in the Waste
in the Event of Significant Microbial Gas Generation (Continued)

Discussion {Continued):

There are two factors that may potentially increase the biodegradability of these materials:
long time scale and cometabolism. Over a time scale of 10,000 years, plastics and rubbers
may change their chemical properties and therefore their biodegradability.

Cometabolism means that microbes degrade an organic compound, but do not use it or its
constituent elements as a source of energy; these are derived from other substrates (Alexander
1994). In the WIPP repository, plastics and rubbers, which are resistant to biodegradation,
may still be cometabolized with cellulosics and other more biodegradable organic compounds.
Because of these uncertainties, a probability of 50 percent is assigned to the biodegradation of
plastics and rubbers in the event of significant microbial gas generation (Wang and Brush
1996).

The distribution for PROBDEG parameter is illustrated in Figure PAR-1. The parameter value
ranges over the integers from O (no significant microbial gas generation) to 2 (significant
microbial gas generation with degradation of plastics and rubbers); the third choice, a
parameter value of 1, represents significant microbial gas generation without degradation of
plastics and rubbers. The default, or median, value is assumed to be 2 since it is the case of
highest gas generation (Tierney 1996).

WIPP Data Entry Form #464 WPO#: 34881

References:

Alexander, M. 1994, Biodegradation and Bioremediation. Academic Press, N.Y. At New
Mexico Tech. Still in print per BIP.

DOE/CAQ. 1996. Transuranic Waste Baseline Inventory Report (Rev. 2). DOE/CAQG-95-
1121.

Tiemey, M. 1996. Memorandum to File, Re: Reasons for choice of the PROBDEG
parameter (id nos. 2824 and 2823) on February 22, 1996, March 29, 1996 (contained in
WPO 34881).

Wang, Y., and Brush, L. 1996. Memorandum to Martin Tierney, Re: Estimates of Gas-
Generation Parameters for the Long-Term WIPP Performance Assessment, January 26, 1996.
WPO 31943.
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Parameter 2: Probability of Microbial Degradation of Plastics and Rubbers in the Waste
in the Event of Significant Microbial Gas Generation (Continued)

Corrosion and Significant Corrosion and No Significant Microbial
Microbial Gas Generation Gas Generation
P4 (1-p4)
0.5 0.5

]

Cellulosic Degradation Only
(No Plastic and Rubber Degradation)

Cellulosic, Plastic and
Rubber Degradation

(1-py)
P2
0.5 0.5
P+P2 p+(1-po) (1-p4)
Branch 2 Branch 1 Branch 0
0.25 0.25 0.5

p4 = Probability of Occurrence of Significant Microbial Gas Generation (= 50 percent)

p, = Probability of Occurrence of Plastics and Rubber Biodegradation in the Event of Significant

Gas Generation (= 50 percent)
CCA-PARODI-O

Figure PAR-1. Logic Diagram for Possible Outcomes and Probabilities for the
: Parameter PROBDEG (Modified From Tierney 1996)
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| Parameter 3: Biodegradation Rate of Cellulosics Under Brine-Inundated Conditions J

Parameter Description:

repository regions outside of the panel region.

This parameter 1s used to describe the rate of cellulosics biodegradation under anaerobic,
brine-inundated conditions (see Appendix BRAGFLO, Section 4.13). It is a sampled
parameter for the waste emplacement area and the waste and the values are then applied to the

Material and Parameter Name(s):

WAS_AREA  GRATMICI (#657)
REPOSIT GRATMICI (#2128)

| Computational Code: BRAGFLO

mean median minimum maximum std. deviation
4915 % 10°° 4915x% 107 3.171 x 10°%° 9.5129 x 10°° 0
l Units: mol/kg*s
Il)istribution Type: Uniform
CDF/PDF Graph
WAS_AREA GRATMICI
10 proen . SR Ly T ™y
Z
E 06 E E
% - -
E 04 f E P TR
o E Vm \ , .
3 UNIFORM  Distribution - e . \‘1
oz E Gumulatv_Probabilty 3 o ; S '
i + Sampled Data E o :
- Variable 3 in LHS E ‘__,,
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Inundated Corrosion Gas Generatfon Rate (Molkg*s)
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Parameter 3: Biodegradation Rate of Cellulosics Under Brine- Inundated Conditions
(Continued)

Data: Site-Specific Experimental Data

The parameter records package associated with this parameter is located at:
SWCF-A:WBS1.1.09.1.1:PDD:QA:Estimates of Gas Generation (WPQ 30819).

Discussion:

The maximum rate is estimated using the data obtained from both NO; - and nutrients-
amended experiments, whereas the minimum rate is derived using the data obtained from the
inoculated-only experiments without any nutrient and NOj amendment. The rates were
calculated from the initial linear part of the experimental curve of CQO, vs. time by assuming
that cellulosics biodegradation in those experiments were nitrate- or nutrient-limited (Wang
and Brush 1996).

WIPP Data Entry Form #464 WPO#: 34928

References:

Wang, Y. and Brush, L. 1996. Memorandum to Martin Tierney, Re: Estimates of Gas-
Generation Parameters for the Long-Term WIPP Performance Assessment, January 26, 1996.
WPQO 31943,
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Parameter 4: Biodegradation Rate of Cellulosics Under Humid Conditions

Parameter Description:

regions outside of the panel region.

This parameter is used to describe the rate of cellulosics biodegradation under anaerobic,
humid conditions (see Appendix BRAGFLO, Section 4.13). It is a sampled parameter for the
waste emplacement area and the waste, and the values are then applied to the repository

Material and Parameter Name(s):

WAS_AREA GRATMICH (#656)
REPOSIT GRATMICH {#2127)

Computational Code: BRAGFLO

mean median minimum maximum

std. deviation

6.342 x 107"° 6.342 x 10°1° 0.0 1.2684 x 107°

0

l Units: mol/kg*s

{ Distribution Type: Uniform

CDF/PDF Graph

WAS_AREA GRATMICH

1.0 r— —r——T

s F =

Cumuiative Probabliity
o
»
¥ 1
1 ]

e
=
T
1

3 UNIFOAM  Distribution

02 3 Cumulative Probability 3

+ Sampied Data

Varable 4 in LHS

0.0 E i 1 1

00E+00 5.0E-10 1.0E-09 1.5E-09
Humid/inundaled Microblal Gas (Generation Rate Ratio

AGMHL  vemn 390D TG nas

DOE/CAO 1996-2184 PAR-23

October 1996




— 50 o O B L b

—_
B W R

— e
-3 o

{50 T o0 S o B G T o T oS T e I
O B W = O e

Title 40 CFR Part 191 Compliance Certification Application

Parameter 4: Biodegradation Rate of Cellulosics Under Humid Conditions (Continued)

Data: Site-Specific Experimental Data

The parameter records package associated with this parameter is located at:
SWCF-A:WBS1.1.09.1.1:PDD:QA:Estimates of Gas Generation (WPO 30819).

Discussion:

The maximum rate was estimated from cellulosics biodegradation experiments under
anaerobic, humid conditions. The minimum rate is set to zero, corresponding to the cases
where microbes become inactive because of water or nutrient stresses (Wang and Brush 1996).

WIPP Data Entry Form #464 WPO#: 34923

References:

Wang, Y. and Brush, L. 1996. Memorandum to Martin Tierney, Re: Estimates of Gas-
Generation Parameters for the Long-Term WIPP Performance Assessment, January 26, 1996.
WPO 31943.
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Parameter 5: Factor p for Microbial Reaction Rates

Parameter Description:

products (see Appendix BRAGFLO, Section 4.13).

Factor B is an index that characterizes the stoichiometry used to calculate the microbially-
generated gas, accounting for interaction with gases reacting with steel and steel corrosion

Material and Parameter Name(s):

CELLULS FBETA (#2994)

Computational Code: BRAGFLO

FLOTLHS  wampeon Rzon 1T TAIGHE 20:08 41

mean median minimum maximum std. deviation
0.5 0.5 0 1.0 0.29
Units: None
Distribution Type: Uniform
CDE/PDF Graph
CELLULS FEBETA
1.0
08
2
g os ;
E o4 s
° ;,;f ;@;' b % \‘a
UNIFORM  Distribution i 'f ) ,'-.','!‘;.‘ ]
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Title 4¢ CFR Part 191 Compliance Certification Application

Parameter 5: Factor [} for Microbial Reaction Rates (Continued)

Data: Site-Specific Experimental Data

The parameter records package assoctated with this parameter is located at:
SWCF-A:WBS1.1.09.1.1:PDD:QA:Estimates of Gas Generation (WPO 30819).

Discussion:

Microbially-generated gases CO, and H,S may react with steel and steel corrosion products.
Factor P characterizes the extent of CO, and H,S consumption by those reactions: see Equation
(18) in Wang and Brush 1996.

WIPP Data Entry Form #464 WPQi#: 31826

References:

Wang, Y. and Brush, L. 1996, Memorandum to Martin Tierney, Re: Estimates of Gas-
Generation Parameters for the Long-Term WIPP Performance Assessment, January 26, 1996.
WPO 31943.
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 6: Residual Gas Saturation - Repository

Parameter Description:

The residual {(critical) gas saturation (S,,) is required in the two-phase flow model to define the
relative permeability and capillary pressure curves. S, corresponds to the degree of waste-
generated gas saturation necessary to create an incipient interconnected pathway in porous
material, a condition required for porous rock to be permeable to gas. Below values of the S,
gas is immobile. It is a sampled parameter for the waste emplacement area and the waste, and
the values are then applied to the repository regions outside of the panel region.

Material and Parameter Name(s):

WAS_AREA SAT_RGAS (#671)
REPOSIT SAT_RGAS (#2137)

| Computational Code: BRAGFLO

mean median minimum maximum std. deviation

0.075 0.075 0 0.15 0.04

[ Units: None

| Distribution Type: Uniform

CDE/PDF Graph
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Cumulative Probablity
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o
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i

3 UNIFORM Distribution 3

a2 E Cumulative Probability 4
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 6: Residual Gas Saturation - Repository (Continued)

Data: General Literature and Professional Judgment

The parameter values are based on a November 15, 1995 Solutions Engineering letter report to
D.M. Stoelzel of Sandia National Laboratories entitled “Critical {residual) Gas Saturation
Recommendations for WIPP.”

Discussion:

Under conditions of chemical and biochemical gas generation and repository closure. gas
saturation may increase to a level where the pore network in repository material regions
becomes connected and gas permeability begins to increase. The lowest gas saturation at
which continuous gas flow will occur is the residual (critical) gas saturation (S, }. In areview
of studies involving S, Solutions Engineering (1996) reports values ranging from 0 to 27
percent. The assigned range for S, between 0 to 15 percent is consistent with
recommendations in the Solutions Engineering report.

WIPP Data Entry Form #464 WPO#: 34905

References:

Solutions Engineering. 1996. “Critical Gas Saturation Recommendations for WIPP.” Letter
Report to D.M. Stoelzel, Sandia National Laboratories, November 15, 1995, Albuquerque,
New Mexico. WPO 38769.
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Title 40 CFR Part 191 Compliance Certification Application

-

Parameter 7: Residual Brine Saturation - Repository

repository regions

Parameter Description:

The residual brine saturation (8S,,) is required in the two-phase flow model to define the
relative permeability and capillary pressure curves. Referred to also as S, (wetting phase) or
S (liquid phase), residual brine saturation is the point reached under high gas saturation
conditions when brine is no longer continuous throughout the pore network and relative brine
permeability becomes zero. Below the value of the S,, brine is immobile. It is a sampled
parameter for the waste emplacement area and the waste, and the values are then applied to the

outside of the panel region.

WAS_AREA
REPOSIT

Material and Parameter Name(s):

SAT_RBRN (#670)
SAT_RBRN (#2741)

{ Computational Code: BRAGFLO

mean

median minimum maximum

std. deviation

0.276

0.276 0 0.552

0.16

| Units: None

i

| Distribution Type: Uniform
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 7: Residual Brine Saturation - Repository (Continued)

Data: General Literature and Professional Judgment

Two-phase flow parameters have not been measured for materials representing a collapsed
empty, back-filled, or waste-filled room. Therefore, the parameter values are based on
literature values for unconsolidated materials.

Discussion:

Brooks and Corey evaluated their two-phase characteristic equations against capillary pressure
and relative permeability data obtained in laboratory experiments (Brooks and Corey 1964).
Mualem (1976) proposed a modified procedure to that of Brooks and Corey for determining
the wetting phase (S,,,) permeability curve by adding the constraint that the extrapolated curve
should pass through the highest capillary pressure data point. Although their wetting phase
relative permeability predictions are similar to each other and to the data, the Mualem
procedure, in some cases, results in S values less than those predicted by the Brooks and
Corey model. Consequently, Table PAR-1 lists the Mualem (1976) residual wetting phase
saturations to ensure that the potential for brine mobility is not underestimated. As indicated in
Table PAR-1, single-phase liquid permeabilities of the Brooks and Corey materials are of the
same order of magnitude as those assigned to waste disposal regions (107'* square meters).

WIPP Data Entry Form #464 WPO#: 34902

References:

Brooks, R.H., and Corey, A.T. 1964. Hydraulic Properties of Porous Media. Hydrology
Paper No. 3. Fort Collins, CO: Colorado State University. NWM Library.

Mualem, Y. 1976. A New Model for Predicting the Hydraulic Conductivity of Unsaturated
Porous Media. Water Resources Research. Vol. 12, no. 3, 513-522,

Vaughn, Palmer. 1996. Memo to Martin Tierney. RE: WAS_AREA and
REPOSIT/SAT_RBRN Distribution, February 13, 1996. WPO 34902.
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 7: Residual Brine Saturation — Repository (Continued)

Table PAR-1. Brooks and Corey (1964) Materials Parameters - Unconsolidated Media®

Material Permeability (square Porosity S,.*
' meters)®

Volcanic Sand 1.1 x 107" (.365 0.137
Fine Sand 285 x 107" 0.360 0.140
Glass Beads 1.05 x 107" 0.383 0.0783
Fragmented Mixture 1.50 % 107" 0.441 0275
Fragmented Fox Hill Sandstone 1.61 x 107" 0.503 0.318
Touchet Silt Loam 500x 107" 0.469 0.277
Poudre River Sand 226 x 107" 0.364 0.0824
Armarillo Silty Clay Loam 2.34 x 107" 0.455 0.242
Consolidated Berea Sandstone 481 x 10" 0.206 0.243
Consolidated Hygiene Sandstone 1.78 x 107" 0.250 0.560

a - Consclidated materials are identified in the material column

b - Single- phase liquid permeability

¢ - Mualem S, corrected for comparison to Brooks and Corey (1964)
S.. - Wetting phase residual saturation
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 8: Wicking Saturation

Parameter Description:

The wicking saturation in the waste is used in the gas generation model (see Appendix
BRAGFLO, Section 4.13). It is a sampled parameter for the waste emplacement area and the
waste, and the values are then applied to the repository regions outside of the panel region.

Material and Parameter Name(s):

WAS_AREA SAT_WICK (#2231)
REPOSIT SAT_WICK (#2138)

Computational Code: BRAGFLO

mean median minimum maximum std. deviation

0.5 0.5 0.0 1.0 0.29

Units: None

Distribution Type: Uniform

CDF/PDF Graph
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 8: Wicking Saturation (Continued)

Data: Professional Judgment

The wicking parameter value varies from 0 (0 percent saturation) to 1.0 (100 percent
saturation) and the parameter is assumed to be uniformly distributed.

Discussion:

Wicking is the ability of a material to carry a fluid by capillary action above the level it would
normally seek in response to gravity. The use of a two-phase Darcy flow model in BRAGFLO
includes possible effects of capillary action, but uncertainty remains about the extent to which
the assumed homogeneous properties of the waste adequately characterize wicking. Because
estimated rates of gas generation are higher for waste that is in direct contact with brine, brine
saturation in the repository is adjusted in BRAGFLO to account for the possibility of wicking
in the waste.

The adjustment is done as follows:

-
S,eff =S, +S,, P
4 ) 'l\‘\ &{
and ‘_\“ st e
S,.eff < 1.0,

where S, is the brine saturation in the waste calculated by BRAGFLO, S, is the wicking
saturation that describes the additional amount of brine that may be present and in contact with
the waste because of wicking, and S,, eff is the effective brine saturation used to determine the
gas generation rates used in the analysis.

WIPP Data Entry Form #464 WPO#: 34908

References:

N/A
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 9: Log of Intrinsic Permeability - All Clay Shaft Materials

Parameter Description:

Log of the vertical and horizontal intrinsic permeability for the Rustler compacted clay, the
lower Salado compacted clay, and the upper Salado compacted clay and the bottom clay
column from O to 10,000 yrs. It is a sampled parameter for the Lower Salado Clay from T =0
to 10 years used to calculate an effective permeability that is then applied to all other clay shaft
materials and time periods.

CL_L_TI1
CL_L Tl
CL L_T1
CLAY_RUS
CLAY_RUS
CLAY_RUS

CL_L_T2

CL_L_T2
CL_L. T2

CL_L_T3
CL_L_T3
CL_L T3

CL_L_T4
CL_L_T4
CL_L_T4

CLMTI1
CLM_T1
CL_M_Ti

CL_M_T?2
CL_M_T2
CL M_T2

CL_M_T3
CL_M_T3
CL_M_T3

Material and Parameter Name(s):

PRMX_LOG (#2334)
PRMY_LOG (#2335)
PRMZ_LOG (#2336)

PRMX_LOG (#3009)
PRMY_LOG (#3010)
PRMZ_LOG (#3011)

PRMX_LOG (#2351)
PRMY_LOG (#2352)
PRMZ_LOG (#2353)

PRMX_LOG (#2368)
PRMY_LOG (#2369)
PRMZ_LOG (#2370)

PRMX_LOG (#3078)
PRMY_LOG (#3079)
PRMZ_1.OG (#3080)

PRMX_LOG (#2385)
PRMY_LOG (#2386)
PRMZ_LOG (#2387)

PRMX_LOG (#2402)
PRMY_LOG (#2403)
PRMZ_LOG (#2404)

PRMX_LOG (#2419)
PRMY_LOG (#2420)
PRMZ_L.OG (#2421)
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Title 40 CFR Part 191 Compliance Certification Application

| Parameter 9: Log of Intrinsic Permeability - All Clay Shaft Materials (Continued) |

% Material and Parameter Name(s) (continued):
3 CL_M_T4 PRMX_LOG (#2436)
4 CL_M_T4 PRMY_LOG (#2437)
5 CL_M_T4 PRMZ_L.OG (#2438)
6
7 CL_M_T5 PRMX_L.OG (#2453)
8 CL_M_T5 PRMY_LOG (#2454)
9 CL_M_T5 PRMZ_LOG (#2455)
10
11 CLAY_BOT PRMX_LOG (#2317)
12 CLAY_BOT PRMY_1L.OG (#2318}
13 CLAY_BOT PRMZ_LOG (#2319)
14
16 | Computational Code: BRAGFLO |
17
18 mean mode minimum maximum std. deviation
19 ~18.8670 -18.3010 -21.0000 ~17.3010 0.78
29
22 | Units: log(square meters) |
23
25 [ Distribution Type: Triangular |
29
28 CDF/PDF Graph
29
CL.LT1 PRMX_LOG
10 prerrreere T —
08 — —
E 05 — '
— TRIANGULAR Dislribution‘é
0z 3 Cumulative _Probability _
+ Sampled Data
; Vasiable 9 n LHS -
DO E ...... Lol s 0.0 4 22 | IR N Y Y | BT R A RN
«21. =20, -19. 18 17
PAMX_LOG
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 9: Log of Intrinsic Permeability - All Clay Shaft Materials (Continued) |

Data: General Literature - Professional Judgment and Site-Specific Experimental Data

Data are based on a review of the available literature and a series of small-scale in-situ tests.
The data associated with this parameter are summarized in the following parameter records
package: SWCF-A:1.1.03.2.1:PDD:QA:Shaft Seals BRAGFLO Parameters (WPO 30640).

Discussion:

A significant body of literature regarding compacted bentonite permeability was reviewed.
Most literature sources report hydraulic conductivity rather than intrinsic permeability.
Hydraulic conductivity can be related to intrinsic permeability through the fluid density and
viscosity and the acceleration of gravity. The permeability of reported bentonites ranges from
1 x 107! square meters to | x 107" square meters.

A series of in-situ tests were conducted to evaluate the feasibility of various candidate
materials to be used for sealing materials at the WIPP site. These tests are referred to as the
Small Scale Seal Performance Tests (SSSPT). Results from these tests support the use of
compacted bentonite as a sealing material at the WIPP site and in the Salado Formation. Test
Series D consisted of two seals with 100 percent bentonite cores. Each seal had a diameter of
0.91 meters and was approximately 3 meters in length, with bentonite cores 0.91 meters in
length. Cores of the two bentonite seals had initial dry densities of 1.8 and 2.0 grams per cubic
centimeters. Pressure differentials of 0.72 and 0.32 megapascals were maintained across the
bentonite seals with a brine reservoir on the upstream (bottom) of the seals for several years.
Over the course of the seal test, no visible brine was observed at the downstream end of the
seals. Because the saturation state of the bentonite seals is unknown, determination of the
absolute permeability of the bentonite seals cannot be estimated precisely. However, a
bounding calculation of permeability by Knowles and Howard (1996) for the bentonite seals
reported a value of 1 x 107" square meters.

The compacted bentonite material specification (SAND96-1326) specifies that the clay seals
will be emplaced at a dry density of 1.8 to 2.0 grams per cubic centimeter. Based upon this
information, a distribution function for clay permeability was developed. The basis for the
proposed distribution is the following:

c';?;;:a
L
gl
{ P

(1) A practical minimum for the distribution was specified at 1 x 107 square meters. & |5

,'i’
5
#
J

(2) Assuming that the effective dry density of the bentonite emplaced in the seals only S
varies from 1.8 to 2.0 grams per cubic centimeter, then a maximum expected
permeability can be extrapolated as 1 x 107" square meters.
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Title 40 CFR Part 191 Compliance Certification Application

| Parameter 9: Log of Intrinsic Permeability - All Clay Shaft Materials (Continued) |

Discussion (continued):

(3)  There is some uncertainty in the effective dry density of emplacement because of the
difficulty of emplacing large columns of bentonite at high densities. To address this
uncertainty, it is assumed that the compacted clay may be emplaced at a dry density as
low as 1.6 grams per cubic centimeter. This actuality is not considered to be a high
probability, but cannot be completely ruled out. At 1.6 grams per cubic centimeters, the
maximum permeability for the clay would be approximately 5 x 107'° square meters.
Therefore, assuming no salinity effects, a range of permeability from 1 x 107*' square
meters to 5 x 107'® square meters with a best estimate of less than 1 x 107" square
meters is defined (assuming a best estimate emplacement density of 1.8 grams per cubic
centimeter). It could be argued that the best estimate could be as low as 2 x 107% square
meters.

(4)  The literature reports that salinity increases permeability. However, these effects are
greatly reduced at the emplacement densities specified for the shaft seal. At seawater
salinity, Pusch et al. (1987) report the effects on permeability could be as much as a
factor of 5 (one-half of a order of magnitude). It is expected that at the emplacement
densities specified, the effect of salinity will be within an order of magnitude of the
values reported in the literature measured with fresh pore water. To account for salinity
effects, the maximum permeability was increased from 5 x 107" square meters to 5 x
107'* square meters. The best estimate permeability was increased by one-half order of
magnitude to 5 x 10'° square meters. The lower limit was held at I x 107! square
meters. Because salinity effects are greatest at higher densities, the maximum was
adjusted one full order of magnitude while the best estimate (assumed to reside at a
density of 1.8 grams per cubic centimeters) was adjusted one-half of an order.

The disturbed rock zone (DRZ) permeability adjacent to the compacted clay column was
calculated explicitly and then combined with the clay seal permeability in the BRAGFLO
model.

In order to obtain an effective DRZ permeability, an estimate of the radius of the DRZ around
the shaft was provided. Structural calculations were performed to estimate the radial extent of
the DRZ as a function of time and depth adjacent to the upper and lower compacted clay seals,
the compacted crushed salt seal, and the asphalt seal (SAND96-1326). The times considered
were 0, 10, 25, 50, and 100 years after seal emplacement. Table PAR-2 shows the extent of
the DRZ in terms of normalized radius at the mid-height of each component.

DOER/CAO 1996-2184 PAR-37 October 1996
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Title 40 CFR Part 191 Compliance Certification Application

|  Parameter 9: Log of Intrinsic Permeability - All Clay Shaft Materials (Continued)

Discussion (Continued):

At the shaft seal materials, the effective permeability of composite seal and DRZ for the
BRAGFLO model was calculated from the equation:

ks As + kd Ad
l(model =
model
where: k.4, = effective composite permeability used in BRAGFLO
A 4. = effective shaft area modeled in BRAGFLO (equal to the shaft area, A)

Ko, A surnmation of the shaft seal permeability multiplied by the shaft seal
area for the four shafts
k.A;y = summation of the DRZ permeability multiplied by the DRZ area for the

four shafts

1l

Assuming that the change in permeability within the DRZ is log linear, the effective DRZ
permeability, k,, for each shaft was calculated from:

. 2 r,(In(k;) - In(k))-Ar - r.(nk,) - In(k,)) - Ar c
ol (nky) - lnk)? | (Inky) - In(k))
where: n = shaftindex (1, 2, 3, or 4)
I, = inner radius (shaft excavation radius)
I, = outer DRZ radius
Ar = outer DRZ radius minus the inner DRZ radius
k, = inner skin permeability (DRZ permeability at the shaft/DRZ interface)
Ko = intact halite permeability

The summation of DRZ permeability multiplied by the DRZ area for all four shafts is equal to:

ded = kdl A‘dl + kdl Ad2 + kd3 Ad3 + kd4 Ad4
where: dl =  air-supply shaft

d2 = salt-handling shaft

d3 = waste-handling shaft

d4 = air-exhaust shaft

and the summation of shaft permeability multiplied by the shaft area for all four shafts is equal
to:

October 1996 PAR-38 DOE/CAO 1996-2184
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Title 40 CFR Part 191 Compliance Certification Application

| Parameter 9: Log of Intrinsic Permeability - All Clay Shaft Materials (Continued)

Discussion (continued):

ks As = ks[ Asl * ksl ASZ * ksS As3 + ks4 A

sd

The resulting permeabilities are presented in Appendix IRES.

(Sec also Parameter 12)

WIPP Data Entry Form #464 WPO#: 31908

References:

Knowles, M K, and Howard, C.L.. 1996. “Field and Laboratory Testing of Seal Materials
Proposed for the Waste Isolation Pilot Plant,” Proceedings of the Waste Management 1996
Symposium. Tucson, AZ, February 25-29, 1996. SANDS95-2082C. Albuquerque, NM:
Sandia National Laboratories. WPGO 30945

Pusch, R., Borgesson, L. and Ramgqvist, G. 1987. Final Report of the Borehole, Shaft, and
Tunnel Sealing Test -- Volume I: Borehole Plugging. SKB 87-01. Stockholm, Sweden:
Swedish Nuclear Fuel and Waste Management Co.

Repository Isolation Systems Department. 1996. Waste Isolation Pilot Plant Shaft Sealing

Albuquerque, NM. August, 1996.

System Compliance Submittal Design Report. SAND96-1326. Sandia National Laboratories,
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i

Parameter 9: Log of Intrinsic Permeability - All Clay Shaft Materials (Continued)

Table PAR-2. Extent of the DRZ in Terms of Normalized Radius at Mid-Height of

Component
Seal Material DRZ Extent -- Normalized Radius
and Associated . .
DRZ Zone Time Reference of Instantaneous Emplacement of Seal Materials
0 yrs 10 yrs 25 yrs 50 yrs 100 yrs
Asphalt Column 1.629 1.629 1.629 1.629 1.629
DRZ-1
Upper Salado 1.709 1.469 1.283 1.107 1.000
Compacted Clay
DRZ-2
Reconsolidated 1.814 1.110 1.000 1.000 1.000
Salt
DRZ-3
Lower Salado 1.858 1.162 1.002 1.000 1.000
Compacted Clay
DRZ-4
s
October 1996 PAR-40 DOE/CAQ 1996-2184
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 10: Log of Intrinsic Permeability - Concrete (T = 0-400 yrs)

Parameter Description:

Log of the vertical and horizontal intrinsic permeability for the concrete column during the
first 400 years. Itis a sampled parameter for the x-direction and the values are then applied to
the y- and z-directions.

Material and Parameter Name(s):

CONC_Tt PRMX_LOG (#2470)
CONC_T1 PRMY_LOG (#2471)
CONC_T1 PRMZ_LOG (#2472)

| Computational Code: BRAGFLO

mean mode minimum maximum std. deviation

-18.8160 - 18.750 -20.699 -17.000 0.76

wnits: log({square meter)

| Distribution Type: Triangular

CDE/PDF Graph
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 10: Log of Intrinsic Permeability - Concrete (T = 0-400 yrs) (Continued)

Data: Site-Specific Experimental Data

The intrinsic permeability of the concrete column is based on laboratory and in-situ data. The
data associated with this parameter are summarized in the following parameter records
package: SWCF-A:1.1.03.2.1:PDD:PPD/1.1.03.2.2:Shaft Seals BRAGFLO Parameters
(WPO 30640).

Discussion:

As reported by Repository Isolation Systems Department (1996), traditional freshwater
concrete has been widely used for hydraulic applications such as water storage tanks, water
and sewer systems, and massive dams because it has exceptionally low permeability (less than
107% square meters upon hydration). Salado Mass Concrete (SMC) is a specially-designed
salt-saturated concrete mix that was developed only recently (Wakeley et al. 1994; Wakeley
et al. 1995).

Pfeifle, et al. (1996) performed two permeability tests on concrete specimens prepared from
cores recovered from the WIPP SSSPT field experiments and one test on an SMC specimen
prepared from a sample batched by the Waterways Experiment Station (WES). The specimens
were tested as received with no attempts made to dry the specimens or to determine their
moisture contents. Each test was performed using nitrogen gas as the permeant, flowmeters to
measure gas flow, and fluid pressure gradients of either 0.3, 0.6, or 0.75 megapascals.
Attempts were made to apply Klinkenberg corrections to measured values of permeability, but
the range in pressure gradients used in the testing was not large enough to establish any
particular trend when the permeability data were plotted as a function of reciprocal mean fluid
pressure.

A total of 18 permeability measurements were made on the three specimens. Permeability of
the SMC and SSPT specimens are all very low with a range from 2.1 x 107 square meters to
7.51 x 107" square meters with an average of 4.71 x 107*' square meters. Permeability of the
SSSPT specimens ranged from 3.00 x 107 square meters to 5.04 x 107" square meters with
and average of 2.18 x 107'? square meters. Knowles and Howard (1996) presented results of
field permeability tests performed in the WIPP SSSPT boreholes during 1985-1987 and 1993-
1995. Although individual seal system component material permeabilities for concrete, DRZ
salt, and salt were not determined, overall seal system permeabilities were determined and
ranged from 1.0 x 1072 square meters to 1.0 x 1077 square meters and from 1.0 x 10"® square
meters to 1.0 x 107'* square meters for the 1985-1987 tests and the 1993-1995 tests,
respectively. These ranges encompass the laboratory values measured by Pfeifle, et al. (1996).

The data described above were derived from gas permeability measurements in which no
Klinkenberg corrections were applied to the measured values. The Klinkenberg corrections
were expected to be small because of the low mean pressure gradients used in the tests.
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 10: Log of Intrinsic Permeability - Concrete (T = 0-400 yrs) (Continued)

Discussion (Continued):

Magnesium-rich brines are known to cause degradation of cementitious materials, such as
SMC (Wakeley et al. 1994). Degradation is expected to increase the permeability of SMC
components. It was assumed that the asphalt column extending from the Rustler/Salado
contact into the Salado salt will protect the SMC seal components from contacting Mg-rich
brines during the specified performance period.

The interface between the Salado salt and the SMC components may provide a flow path
around the SMC components. This flow path is possible if a small aperture develops as the
concrete is curing or if the interface degrades because of corrosive brines. If such a flow path
occurs, the effective permeability of the SMC will increase. Because of this uncertainty, the
upper bound permeability was assigned to a value of -17 which corresponds to a permeability
of 1.0 x 1077 square meters. This value was selected after an effective permeability
calculation was performed. In this calculation, the interface zone was assumed to have a
permeability of 1.0 x 10 square meters and concrete permeabilities were varied from 1.0 x
10% to 1.0 x 10" square meters. Assuming the interface zone had a thickness of 0.001 times
the shaft radius or smaller, the effective permeability of the concrete was about 1.0 x 10°”
square meters regardless of the value selected for the permeability of the SMC seal.

No DRZ was specified adjacent to the concrete component because of the healing affects of
the stiffness of the concrete and the ability of the asphalt waterstops to cut off the DRZ.

WIPP Data Entry Form #464 WPO#: 32583
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Parameter 10: Log of Intrinsic Permeability - Concrete (T = 0-400 yrs) (Continued)
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)
3 Parameter 11: Log of Intrinsic Permeability - Asphalt Shaft Material
4
6 Parameter Description:
7
8 Log of the vertical and horizontal intrinsic permeability for the asphalt shaft material. Itis a
9 sampled parameter for the x-direction and the values are then applied to the y- and z-
10 directions.
2
13 Material and Parameter Name(s):
14
15 ASPHALT PRMX_LOG (#2283) -
16 ASPHALT PRMY_LOG (#2284)
17 ASPHALT PRMZ_1.OG (#2285)
18
20 Computational Code: BRAGFLO
21
22 mean mode minimum maximum std. deviation
23 -19.667 -20.000 -21.000 -18.000 0.62
34
26 Units: log(square meters)
3¢
29 Distribution Type: Triangular
39
32 CDF/PDF Graph
33 ASPHALT  PRMX_LOG
1.0 pemeer T T T =
34
08 E -
| 086 E
E 3
é 04 - 3
3 TRAIANGULAR Distribution ‘
02 3 Cumulative Probability _
+ Sampled Data
3 variable 11 in LHS —
6.0 PO T R S T S T N T dmea o3 42
21 -20. -19. -18.
PRMX_LOG
35
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 11: Log of Intrinsic Permeability - Asphalt Shaft Material (Continued?“‘”‘””‘

Data: Professional Judgment

The parameter distribution is based on literature values and professional judgment. The
parameter records package associated with this parameter is located at: SWCF-A:1.1.03.2.1:
PDD:QA:Shaft Seals BRAGFLO Parameters (WPO 30640).

Discussion:

Asphalt mastic mix (AMM) is a mix of asphalt cement, sand, and other mineral fillers. The
mix design specifies that the air void volume be between 1 and 2 percent and the mix will
consist of 20 weight percent asphalt cement (AR-4000 graded asphalt), 70 weight percent
aggregate (silica sand), and 10 weight percent hydrated lime. The high asphalt content along
with the very fine-grained aggregate will result in a material with virtually no voids. The
aggregate will resist settling and will provide a filter cake along the host rock contact to
prevent excessive loss of asphalt to the formation. Hydrated lime is included to increase the
stability of the material, to decrease moisture susceptibility, and to act as an anti-microbial
agent.

Several sources were reviewed to find relevant information on the permeability of asphalt and
asphaltic based construction materials. A large body of literature exists on applications of
using asphalt as a barrier to water flow such as in the case of dams. Asphalt is routinely
referred to in the literature as being impermeable, waterproof, etc. However, very little
quantitative information exists regarding the permeability of asphait. No permeability values
were found for an AMM which shares the expected low void volume and high asphalt content
that will exist in the shaft seal. However, literature on a few similar asphalt mixes was found
and used in the development of the PDF. Myers and Duranceau (1994) reported on the asphalt
concrete as a high-asphalt content product design to minimize the void spaces. The reported
hydraulic conductivity of the asphalt concrete was estimated to be 1 x 10” meters per second
(equivalent to an intrinsic permeability of approximately 1 x 107'® assuming freshwater).
Myers and Puranceau (1994) reported that the hydraulic conductivity of fluid applied asphalt
was estimated to be 1.0 x 10" to 1.0 x 107'° centimeters per second (equivalent to an intrinsic
permeability of approximately 1.0 x 10% to 1.0 x 10™'° square meters, assuming freshwater).

In addition, Robert Romine, a Research Scientist in the Environmental Technology Division of
Pacific Northwest Laboratories (PNL) and technical expert to SNL in the design and
development of the specifications for the shaft seal AMM was consulted. Based on his
experience designing and testing asphalt engineered barriers, the expected permeability for the
WIPP AMM seal is less than 1 x 107%° square meters.
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Parameter 11: Log of Intrinsic Permeability - Asphalt Shaft Material (Continued)

Discussion (Continued):

The DRZ permeability adjacent to the compacted clay column was calculated explicitly and
then combined with the clay seal permeability in the BRAGFLO model.

In order to obtain an effective DRZ permeability, an estimate of the radius of the DRZ around
the shaft was provided. Repository Isolation Systems Department (1996) performed structural
calculations to estimate the radial extent of the DRZ as a function of time and depth adjacent
to the Upper and Lower compacted clay seals, the compacted crushed salt seal, and the asphalt
seal. The times considered were 0, 10, 25, 50, and 100 years after seal emplacement. Table
PAR-3 shows the extent of the DRZ in terms of normalized radius at the mid-height of each
component.

For the shaft seal materials, the effective permeability of the composite seal and DRZ for the
BRAGFLO model was calculated from the equation:
ko A+ ky Ay

model

Amodel

where:
k... = effective composite permeability used in BRAGFLO
A4 = effective shaft area modeled in BRAGFLO (equal to the shaft area, A.)
kA, summation of the shaft seal permeability multiplied by the shaft seal area, for
the four shafts
k,A, = summation of the DRZ permeability multiplied by the DRZ area for the four
shafts

Assuming that the change in permeability within the DRZ is log linear, the effective DRZ

permeability, k, , for each shaft was calculated from:

L2 [ ro(inky) - In(k))-Ar o _ [ nnty - ndey) - Ar)
¢, ri[l (n(k) - In(k))? ° (In(k,) - In(k))? ‘
,‘.a’ﬂﬂ T -
where: n = shaftindex (1,2,3,0r4) P % .
T, = inner radius (shaft excavation radius) ’ ?1 S
t, = outer DRZ radius PR A
Ar = outer DRZ radius minus the inner DRZ radius

DOE/CAD 1996-2184 PAR-47 October 1996




19
20
21
22

3
25

36
28
29
30
31
32
33
34
35
36
37
38
39

Title 40 CFR Part 191 Compliance Certification Application

Parameter 11: Log of Intrinsic Permeability - Asphalit Shaft Material (Continued)

Discussion {Continued):

k;, = inner skin permeability (DRZ permeability at the shaft/DRZ interface)
k, = intact halite

The summation of DRZ permeability multiplied by the DRZ area for all four shafts is equal to:

kiAy = kgAn+kpAptkpAs+kuAy,

where:
dl = air-supply shaft
d2 = salt-handling shaft
d3 = waste-handling shaft
d4 = air-exhaust shaft

and the summation of shaft permeability multiplied by the shaft area for all four shafts is equal
to:

ks As = ksl Asl + ksz Asz + ksB As3 + ks A

4 54

The resulting permeabilities are presented in Appendix IRES.

(See also Parameter 12)

WIPP Data Entry Form #464 WPOi#: 31390
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Parameter 11: Log of Intrinsic Permeability - Asphalt Shaft Material (Continued)

Table PAR-3. Extent of the DRZ in Terms of Normalized Radius at Mid-Height of

Component
Seal Material | DRZ Extent -- Normalized Radius
and Associated . ‘ ‘
DRZ Zone Time Reference of Instantaneous Emplacement of Seal Materials

0yrs 10 yrs 25 yrs 50 yrs 100 yrs

Asphalt Column 1.629 1.629 1.629 1.629 1.629
DRZ-1
Upper Salado 1.709 1.469 1.283 1.107 1.000
Compacted Clay
DRZ-2
Reconsolidated 1.814 1.110 1.000 1.000 1.000
Salt
DRZ-3
Lower Salado 1.858 1.162 1.002 1.000 1.000
Compacted Clay
DRZ-4
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| Parameter 12: Intrinsic Permeability - Shaft Disturbed Rock Zone

Parameter Description:

The shaft DRZ permeability 1s used to obtain the effective seal/DRZ permeability for the shaft
materials affected by a DRZ, including the clay, salt, and asphalt shaft materials.

Material and Parameter Name(s):

SHFT_DRZ PRMX_LOG (#3133)

' Computational Code: BRAGFLO

|

mean mode minimum maximum

std. deviation

-15.333 -15.00 -17.00 -14.00

0.62

I Units: log(square meters)

I Distribution Type: Triangular

CDE/PDF Graph

SHFT_DRZ PRMX_LOG
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Title 40 CFR Part 191 Compliance Certification Application

r Parameter 12: Intrinsic Permeability - Shaft Disturbed Rock Zone (Continued) J

Data: Site-Specific Experimental Data

The data for the DRZ around the shaft come from field and laboratory data.
The data associated with this parameter are summarized in the following parameter records : "
package: SWCF-A:WBS:1.1.03.2.1:PDD:QA:Shaft Seals BRAGFLO Parameters ' :
(WPO 30640).

Discussion:

The shaft DRZ permeability is used to obtain the effective composite permeability for the shaft
materials affected by a DRZ, including the clay, salt, and asphalt shaft materials (see Figure
PAR-2).

The zone of disturbed salt around the excavation is termed the DRZ. The DRZ in the bedded
halite of the Salado Formation forms immediately upon passage of the mining tools and
progressively develops over time with the unloading of the formation as it creeps into
excavations. From a sealing perspective, the most important and controlling characteristic of
the DRZ is its enhanced permeability which results from the dilatant deformation and the
increased pore volume.

When the shaft seals are emplaced, back pressures in the shaft sealing material will develop
with time as the surrounding salt creeps into the shaft. These back pressures both induce
higher mean stress and reduce the magnitude of the stress difference in the DRZ which,
ultimately, causes the microfracturing mechanism to become inactive (Brodsky and Munson
1994). The higher mean stresses also induce healing of the DRZ as shown by Brodsky (1990).
Healing is a time-dependent process; eventually, the permeability of the DRZ will return to
that of intact salt. Because the creep rate of the salt surrounding the shaft depend on depth,
back pressures in the shaft sealing materials develop more quickly at depth. Therefore, the
rate of healing increases with depth, and depends on the stiffness of the seal material.

A significant number of laboratory and, to a lesser extent, field studies have been performed to
characterize the DRZ and to determine the mechanics of DRZ development. DRZ
development has been documented in almost all horizontal rectangular excavations of the
WIPP underground facility by gas permeability testing, visual observations, and other
methodologies (Knowles, et al. 1996). However, no definitive studies in vertical excavations
were conducted at the WIPP until recently. Field testing was conducted to estimate the
permeability and radial extent of the DRZ in the halite of the Salado Formation surrounding
the AIS (Dale and Hurtado 1996). Two horizons were investigated: 345.9 meters and 629.4
meters below ground surface. Gas and/or brine permeability tests were performed at each
level in three 10.2 centimeters diameter boreholes. The testing protocol for all six boreholes
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Title 40 CFR Part 191 Compliance Certification Application

I Parameter 12: Intrinsic Permeability - Shaft Disturbed Rock Zone (Continued)

Discussion (Continued):

called for gas flow testing followed by brine infection testing. The resulting field data
provided insight into the variation of permeability in the DRZ and the extent of the DRZ.

In addition, field testing designed to characterize the DRZ around partially sealed boreholes
was recently completed at the WIPP site. Gas flow measurements were obtained as a function
of radial distance from a seal emplacement borehole located in the floor of Room M of the
WIPP underground repository. Experiments conducted in support of the Room D DRZ
program measured fluid flow and geophysical parameters along this seal emplacement
borehole (Knowles, et al. 1996). Measurements were taken to evaluate the formation
permeability as a function of depth into the rib of Room D and radial distance from the open
borehole and concrete seal. Analysis of gas flow data obtained in Room M indicates that the
permeability of the DRZ near the excavation surfaces ranged from 1.0 x 10"? to 1.0 x 10
square meters (Van Pelt 1995). Results of the Room D DRZ were within the same range, in
spite of the difference in geometry between the two testing configurations. Gas and brine
permeability measurements taken in the immediate vicinity of concrete seal conclusively show
that no DRZ existed in this region.

The PDF for the permeability of the DRZ for all time was constructed based on the
information obtained from these recent field test programs.

The DRZ permeability adjacent to the compacted clay column, the crushed salt column and
the asphalt column was calculated explicitly and then combined with the seal permeability in
the BRAGFLO model.

In order to obtain an effective DRZ permeability, an estimate of the radius of the DRZ around
the shaft was provided. Structural calculations to estimate the radial extent of the DRZ as a ‘
function of time and depth adjacent to the Upper and Lower compacted clay seals, the
compacted crushed salt seal, and the asphalt seal. The times considered were 0, 10, 25, 50,
and 100 years after seal emplacement. Table PAR-3 shows the extent of the DRZ in terms of
normalized radius at the mid-height of each component.

Assuming that the change in permeability within the DRZ is log linear, the effective DRZ
permeability, k,, is calculated from:

2 | rylin(ky) - In(k)-Ar o _ [ nlnley) - Ink)) - Ar)
G+ ri[L (In(k,) - In(k))? 0 (In(k,) - In(k,)? ‘
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Parameter 12: Intrinsic Permeability - Shaft Disturbed Rock Zone (Continued)

where:

where:

kmadci
Amodel

koA,

ks Ay

KA,

where:
di
d2
d3
d4

1o

mnu

I

Discussion {Continued):

shaft index (1, 2, 3, or 4)

inner radius (shaft excavation radius)

= outer DRZ radius

outer DRZ radius minus the inner DRZ radius

inner skin permeability (DRZ permeability at the shaft/DRZ
interface)

= intact halite

For the shaft seal materials, the effective permeability of composite seal and DRZ for the
BRAGFLO model was calculated from the equation:

=ksAs+ded

kmoclcl A
model

effective composite permeability used in BRAGFLO.

effective shaft area modeled in BRAGFLO (equal to the shaft area, A,).
summation of the shaft seal permeability multiplied by the shaft seal
area, for the four shafts.

summation of the DRZ permeability multiplied by the DRZ area for hte
four shafts.

The summation of DRZ permeability multiplied by the DRZ area for all four shafts is equal to:

Ky Ay + Ky App + Kgs Ay + Kgg Agy

air-supply shaft
salt-handling shaft
waste-handling shaft
air-exhaust shaft

and the summation of shaft permeability multiplied by the shaft area for all four shafts is equal

DOE/CAD 1996-2184
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I Parameter 12: Intrinsic Permeability - Shaft Disturbed Rock Zone (Continued)

Discussion (Continued):

ki A, =k Ay vk, A, vk Ay vk, Ay, (Kelley et al., 1996a) _—

N

—

{(See also Parameters 9 and 11 and Appendix IRES.)

WIPP Data Entry Form #464 WPO#: 36563
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Parameter 12: Intrinisic Permeability - Shaft Disturbed Rock Zone (Continued)

STRATIGRAPHIC UNIT
SANTA ROSA N
N
=
DEWEY LAKE =
n
RUSTLER
CULEBRA
RUSTLER THICKNESS (ft)
1 1 122.3
' 50.0
2 2 344.0
SALADO DRZ c0.0
3 3 563.5
50.0
4 4
78.4
MB 138
SEAL MATERIAL

DRZ EARTHEN CLAY

BACKFILL

DRZ

E CRUSHED SALT
SALADO

IMPERMEABLE

CASTILE

CCA-PARQDZ-G

Figure PAR-2. Shaft-Seal System Conceptual Framework
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| Parameter 13: Cumulative Probability - Salt Shaft Material

Parameter Description:

salt shaft material permeability distributions.

This parameter represents the index for selecting the salt shaft material permeabilities at
different time steps. The distributions for these permeabilities have regions of overlap which
could result in an increasing permeability over time if the distributions are independentily
sampled. The parameter CUMPROB ensures that the salt shaft material permeability
-decreases in time proportional to the decreasing range of permeability and does not increase as
a result of random sampling (Vaughn and McArthur 1996). It is a sampled parameter for the
salt shaft material at time T = O to 10 years and the values are then applied to all of the other

Material and Parameter Name(s):

SALT_TI CUMPROB (#2939)

| Computational Code: BRAGFLO

mean median minimum maximum

std. deviation

0.50 0.50 0.00 1.00

0.29

| Units: None

-

| Distribution Type: Uniform

CDE/PDF Graph
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 13: Cumulative Probability - Salt Shaft Material {Continued)

Data: Professional Judgment

No experimental data is associated with the cumulative probability parameter. The parameter
is an index for selecting shaft salt material permeabilities at different time steps. It varies

uniformly from 0 to 1. U

Discussion: _ "
The value of CUMPROB gives the cumulative probability for a distribution of permeability. \“
Six materials (SALT_T1, SALT_T2, SALT_T3, SALT_T4, SALT_T5, and SALT_T6) are
used to represent the time-dependent permeability of the salt sealing material and its
surrounding DRZ. Two of these materials are required by changes in the normalized radius of
the DRZ. The other four materials are associated with the four overlapping ranges of
permeability associated with the salt as it consolidates over a period of 200 years. CUMPROB
is a cumulative probability which is sampled once for each vector. The salt permeability is
represented by a log-triangular distribution with upper and lower endpoints and a permeability
value at which the permeability peaks. The same CUMPROB value is used with each of the
four log-triangular distributions to define a value for the salt permeability for the particular
time period (0 to 50 years, 50 to 100 years, 100 to 200 years, and 200 to 10,000 years). This
use of the same CUMPROB value ensures that the salt sealant permeability will decrease 1n
time proportionally to the decreasing ranges of permeability, and not increase because of
random sampling (Vaughn and McArthur 1996).

The permeability of the crushed salt seal component was obtained from laboratory data and
model predictions. The parameter records package associated with the permeability of crushed
salt is located at SWCF-A:1.1.03.2.1:PDD:QA:Shaft Seals BRAGFLO Parameters

(WPO 30640). Brodsky (1994) measured permeability as part of a comprehensive study to
characterize both the consolidation characteristics and permeability of WIPP crushed salt.
Hansen and Ahrens (1996) reported gas permeability measurements for WIPP crushed salt
from tests performed as part of a large-scale dynamic compaction demonstration. In addition,
permeability tests were recently performed by Brodsky et al. (1996) on samples prepared from
cores recovered from the large-scale dynamic compaction test and from two small-scale
dynamic compaction tests performed by SNL (Hansen et al. 1995).

The development of probability distribution functions for the permeability of compacted
crushed salt required a model relating permeability and density because the permeability is
known to increase with density and the density of the crushed salt in the column seal increases
with time during reconsolidation.
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 13: Cumulative Probability - Salt Shaft Material (Continued)

Discussion {(Continued):

Because of the limited experimental data available and the large uncertainty associated with
the data, a conservative approach was implemented in relating permeability and density. Data
from permeability tests on dynamically compacted crushed salt were included in the
development of a permeability versus density relationship, even though physical evidence
(microscopy) indicated the permeability determined from these tests may be biased. That is,
the permeability may be higher than the permeability determined for specimens whose primary
consolidation mechanism is pressure solution/redeposition.

A loglinear model relating permeability (transformed into logarithmic space) and fractional
density was used to approximate the lab data. A linear least squares fit was performed. A
high degree of uncertainty was included in the distribution function for crushed salt
permeability to ensure that all measured values of permeability had a finite probability of
being included in the performance assessment calculations. Three prediction intervals were
determined for the empirical model. Each of these intervals was superimposed on the data.
Since the 90 percent prediction interval contained nearly all of the laboratory and in situ
measurements of permeability, it was selected.

Model predictions were used to predict density of the crushed salt column as a function of
tie. Some uncertainty exists in these constitutive models because of the uncertainty
associated with the model parameters.

Distribution functions were given for five specific time including 0, 50, 100, 200, and 400
years after seal emplacement. These PDFs incorporated the uncertainty inherent in the
constitutive material models and the empirical model relating permeability to density, as well
as that of the data,

The DRZ permeability adjacent to the crushed salt column was explicitly calculated and then
combined with the crushed salt seal permeability in the performance assessment model.

WIPP Data Entry Form #464 WPO#: 33361

References:

Brodsky, N.S. 1994. Hydrostatic and Shear Consolidation Tests With Permeability
Measurements on Waste Isolation Pilot Plant Crushed Salt. SAND93-7058. Albuquerque,
NM: Sandia National Laboratories. WPO 10087
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 13: Cumulative Probability - Salt Shaft Material (Continued)

References (Continued):
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Compaction of Salt: Initial Demonstration and Performance Testing. Proceedings of the 35th
U.S. Symposium on Rock Mechanics, University of Nevada. Reno, NV, June 5-7. SAND9%4-
2313C. WPO 23813.
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Title 4() CFR Part 191 Compliance Certification Application

Parameter 14: Residual Gas Saturation - All Shaft Materials

Parameter Description:

The residual (critical) gas saturation (S, is required in the two-phase flow model to define the
relative permeability and capillary pressure curves. S, corresponds to the degree of waste-
generated gas saturation necessary to create an incipient interconnected pathway in porous
material, a condition required for porous rock to be permeable to gas. It is a sampled

parameter for the salt shaft material at time T = 0 to 10 years and the values are then applied to
all of the other shaft materials and time periods.

SALT_T1
SALT_T2
SALT_T3
SALT_T4
SALT_T5
SALT_T6

EARTH

CL_L_T1
CL_L T2
CL_L_T3
CL_L_T4

CL_M_TI1
CL_M_T2
CL_M_T3
CL_M_T4
CL_M_T5

CONC_T1

CLAY_RUS

CLAY_BOT

CONC_T2
CONC_MON

ALPHALT

Material and Parameter Name(s):

SAT_RGAS (#2529)
SAT_RGAS (#2546)
SAT_RGAS (#2563)
SAT_RGAS (#2580)
SAT_RGAS (#2597)
SAT_RGAS (#2993)

SAT_RGAS (#2512)
SAT_RGAS (#3015)

SAT_RGAS (#2343)

'SAT_RGAS (#2360)

SAT_RGAS (#2377)
SAT_RGAS (#3083)

SAT_RGAS (#2394)
SAT_RGAS (#2411)
SAT_RGAS (#2428)
SAT_RGAS (#2445)
SAT_RGAS (#2462)

SAT_RGAS (#2326)

SAT_RGAS (#2479)
SAT RGAS (#2495)

SAT_RGAS (#3064)

SAT RGAS (#2292)
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 14: Residual Gas Saturation - All Shaft Materials (Continued)

Computational Code(s): BRAGFLO

mean median minimum maximum std. deviation

0.20 0.20 0 0.40 0.12

Units: None

Distribution Type: Uniform

CDE/PDF Graph

SALT_T1 SAT_RGAS
10 e —r R

08 £ 3

06 F 3

Cumulative Probability
T
i

04 F 3

E UNIFORM  Distribution

Probabilty__ 3
0z 3 Cumulatve  Probabill 3

+ Sampled Data

Varable 14 in LHS
00 Ml P ol iand
0.0 0.1 8.3 04

PLOTLMS  wemmn X200 20 T4 20000

Data: General Literature - Professional Judgment

Data are based on a review of the available literature. The parameter records package
associated with this parameter is located at SWCF-A:1.1.03.2.1:PDD:QA:Shaft Seals
BRAGFLO Parameters (WPO 30640).

Discussion:

A literature search was conducted to obtain residual saturation values for consolidated
geologic materials, concrete, and asphalt.
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 14: Residual Gas Saturation - All Shaft Materials (Continued)

Discussion (Continued):

A single value of 0.18 was found for normal concrete (Mayer et al. 1992). Based on this
value, a distribution was assumed for the seal components. The recommended value was 0.2,
and the recommended range was 0.0 to 0.4 with a uniform distribution for all shaft seal
materials.

WIPP Data Entry Form #464 WPO#: 33420

References:

Mayer, G., Jacobs, F., and Wittmann, FH. 1992. “Experimental Determination and
Numerical Simulation of the Permeability of Cementitious Materials,” Nuclear Engineering
and Design. Vol. 138, no. 2, 171-177.
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 15: Residual Brine Saturation - All Shaft Materials

Parameter Description:

The residual brine saturation (S,,) is required in the two-phase flow model to define the
relative permeability and capillary pressure curves. Referred to also as S, (wetting phase) or
S,; (liquid phase), residual brine saturation is the point reached under high gas saturation
conditions when brine is no Jonger continutous throughout the pore network and relative brine
permeability becomes zero.

Material and Parameter Name(s):

SALT_T1
SALT_T2
SALT T3
SALT_T4
SALT_T5
SALT_T6

EARTH

CLAY_RUS

CL_L_T1
CL_L_T2
CL_L_T3
CL_L_T4

CL_M_TI
CL_M_T2
CL_M_T4
CL_M_T5

CLAY_BOT

CONC_T1
CONC_T2

CONC_MON

ASPHALT

SAT_RBRN (#2528)
SAT_RBRN (#2545)
SAT_RBRN (#2562)
SAT_RBRN (#2579)
SAT_RBRN (#2596)
SAT_RBRN (#2992)

SAT_RBRN (#2511)
SAT_RBRN (#3014)
SAT_RBRN (#2342)
SAT _RBRN (#2359)
SAT_RBRN (#2376)
SAT_RBRN (#3082)
SAT_RBRN (#2393)
SAT_RBRN (#2410)
SAT_RBRN (#2444)
SAT_RBRN (#2461)
SAT_RBRN (#2325)

SAT_RBRN (#2478}
SAT_RBRN (#2494)

SAT_RBRN (#3063)

SAT_RBRN (#2291)
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 15: Residual Brine Saturation - All Shaft Materials (Continued)

Computational Code: BRAGFLO

mean median minimum maximum std. deviation
0.25 0.20 0 0.60 0.18
Units: None
Distribution Type: Cumulative
CDF/PDF Graph
SALT_T1  SAT_RBRN

1.0 T

0.8

o
o

Cumulative Probability
o
B

0.2

0.0
0.0 o1

POTLME  encw

CUMULATIVE  Distributon 3

Cumutative _Probability
+ Sampled Data

Varable 15

0.2 0.3
SAT_RBRAN

%700 70 -AUO-m

Ty T T TrTTYY

in LHS

c.4

05 0.6

Data: General Literature - Professional Judgment

Data are based on a review of the available literature. The parameter records package
associated with this parameter is located at SWCF-A:1.1.03.2.1:PDD:QA:Shaft Seals
BRAGFLO Parameters (WPO 30640).

Discussion:

A literature search was conducted to obtain residual liquid saturation values for consolidated
geologic materials, concrete, and asphalt. Residual liquid saturations for geologic materials
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 15: Residual Brine Saturation - All Shaft Materials (Continued)

Discussion (Continued):

were found in four references (Brooks and Corey 1964; Lappala et al. 1987; Parker et al. 1987;
and Rawls et al. 1982). Brooks and Corey (1964} determined residual saturations for five
unconsolidated samples based on measured values of liquid saturation as a function of
capillary pressure. Lappala et al. (1987) determined residual moisture content for 11 soils by
obtaining best fits to measured moisture content versus pressure head data using three models.
The residual moisture contents determined for each soil using the three models were averaged
and divided by the reported porosity to obtain a residual liquid saturation for each soil. Parker
et al. (1987) fit their saturation-pressure relationship to observed data to obtain residual
saturations for a sandy and clayey porous media. Residual water contents reported by Rawls et
al. (1982) for 11 soil texture classes were divided by the reported porosity to obtain residual
saturations.

Mayer et al. (1992) reported a residual liquid saturation for normal concrete of 0.30. Data
regarding residual liquid saturations in asphalt materials were not found in the literature.

The literature values of residual liquid saturation for geologic materials and concrete fall
within the range of 0.0 to 0.6 with all but two values falling within the range of 0.0 to 0.4. It
was recornmended that a value of 0.2 be used for the residual liquid saturation of all seal
components. The recommended range was 0.0 to 0.6 with a uniform distribution.

WIPP Data Entry Form #464 WPO#: 33418

References: ]

Brooks, R.H., and Corey, A.T. 1964. Hydraulic Properties of Porous Media. Hydrology
Paper No. 3. Fort Collins, CO: Colorado State University.

Lappala, E.G., Healy, R.W., and Weeks, E.P. 1987. Documentation of Computer Program
VS2D to Solve the Equations of Fluid Flow in Variably Saturated Porous Media.

Water- Resources Investigations Report 83-4099. Denver, CO: U.S. Geological Survey.
Tech Library books collection: PC173.4.P67L31987.

Mayer, G., Jacobs, F., and Wittmann, F.H. 1992. “Experimental Determination and
Numerical Simulation of the Permeability of Cementitious Materials,” Nuclear Engineering
and Design. Vol. 138, no. 2, 171-177.
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Title 40 CFR Part 191 Compiiance Certification Application

Parameter 15: Residual Brine Saturation - All Shaft Materials (Continued)

References (Continued):

Parker, J.C., Lenhard, R.J., and Kuppusamy, T. 1987. “A Parametric Model for Constitutive
Properties Governing Multiphase Flow in Porous Media,” Water Resources Research. Vol.
23, no. 4, 618-624.

Rawls, W.]., Brakensiek, D.L., and Saxton, K.E. 1982. “Estimation of Soil Water
Properties,” Transactions of the ASAE. St. Joseph, MI: American Society of Agricultural
Engineers. 1316-1328.

October 1996 PAR-66 DOE/CAD 1996-2184




V00 =1 O e W e

10

12

13
15

16
17

18
19
20
21
22

23
24

25
26

27
28
29
30

31
32

33
34
35
36

37
38
39
40

41
42
43
44
43
46

43
49
50

Title 40 CFR Part 191 Compliance Certification Application

Parameter 16: Pore Distribution - All Shaft Materials

Parameter Description:

The Brooks-Corey pore size distribution parameter (A} is used to calculate capillary pressure
and relative permeabilities for gas and brine flow in the two-phase flow model. It is a sampled
parameter for the salt shaft material at time T = 0 to 10 years and the values are then applied to
all of the other shaft materials and time periods.

Material and Parameter Name(s):

SALT_Tt
SALT_T2
SALT_T3
SALT_T4
SALT_T5
SALT_T6

EARTH

CLAY_RUS

CL_L_TI1
CL_L_T2
CL_L_T3
CL_L_T4

CL_M_T1
CL_M_T2
CL_M_T3
CL_M_T4
CL_M_T5

CLAY_BOT

CONC_T1
CONC_T2

CONC_MON

ASPHALT

PORE_DIS (#2516)
PORE_DIS (#2533)
PORE_DIS (#2550)
PORE_DIS (#2567)
PORE_DIS (#2809)
PORE_DIS (#2989)

PORE_DIS (#2499)

PORE_DIS (#3006)
PORE_DIS (#2330)
PORE_DIS (#2347)
PORE_DIS (#2364)
PORE_DIS (#3076)

PORE_DIS (#2381)
PORE_DIS (#2398)
PORE_DIS (#2415)
PORE_DIS (#2432)
PORE_DIS (#2449)

PORE_DIS (#2313)

PORE_DIS (#2466)
PORE_DIS (#2483)

PORE_DIS (#3057)

PORE_DIS (#2279)

Computationa} Code: BRAGFLO
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 16: Pore Distribution - All Shaft Materials (Continued)

mean median minimum maximum std. deviation

2.52 0.94 0.11 8.1 2.48

Units: None

Distribution Type: Cumulative

CDF/PDF Graph

SALT_T1 PORE_DIS

08

0.6

0.4

Cumulativa Probability

CUMULATIVE Distribution 3

Cumulative Probability

0.2 ] .
+ Sampled Data E H

Variable 16 in LHS

o0

0.0 2.0 4.0 6.0 8.0
PORE_DIS

POTHE  weon xzoa 20 rauGon 0043

Data: General Literature - Professional Judgment

Data are based on a review of the available literature. The parameter records package
associated with this parameter is located at: SWCF-A:WBS1.1.03.2.1:PDD:QA:Shaft Seal
BRAGFLO Parameters (WPO 30640).

Discussion:

A literature search was conducted to find pore distribution (that is, lambda) vatues for geologic
materials and concrete. For geologic materials, 81 lambda values were found in five
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 16: Pore Distribution - All Shaft Materials (Continued)

Discussion {Continued):

references (Brooks and Corey 1964; Mualem 1976; Rawls et al. 1982; Haverkamp and
Parlange 1986; and Lappala et al. 1987). In addition, 38 lambda values were calculated from
values of the van Genuchten parameter n found in six references (van Genuchten 1980; van
Genuchten and Nielsen 1985; Hopmans and Overmars 1986; Parker et al, 1987; Stephens et al.
1988; and Waosten and van Genuchten 1988).

The total number of lambda values found in the literature or calculated from n values found in
the literature was 119. In a few cases, different literature sources reported different values of
lambda and/or n for the same materials. For this situation, the different lambda values were
arithmetically averaged to obtain a single value for the material. This procedure yielded
lambda values for a total of 85 different geologic materials.

The lambda values range from Q.11 to 11.67 and have a median of 0.94. Based on the shape of
the histogram and CDF, it appears that the lambda values are lognormally distributed. The
Lilliefors test for normality (Iman and Conover 1983) was applied to the data to verify that the
logarithm of the lambda values can be described by a normal distribution. The mean of the log
lambda values was found to be -0.064 with a standard deviation of 1.08. The Lilliefors
bounds represent the region within which 95 percent of normally distributed values will fall.

For concrete, a literature search yielded only one reference (Mayer et al. 1992). This reference
indicates that the Corey (1954) relationships are appropriate for describing the two-phase
characteristic curves for the normal concretes they tested. For asphalt materials, data regarding
lambda values were not found in the literature.

Both a lognormal and cumulative distribution for this parameter were recommended for the
seal components constructed from granular earth materials (that is, earthen fill, compacted
clay, and reconsolidated crushed salt). A cumulative distribution is appropriate when the
range (a, ¢) of the parameter is known and the best estimate value, b, is the median. The value
recommended was 0.94, which is the median of the literature values for geologic materials.
The recommended range for the distribution was 0.11 to 8.1. Consequently, a cumulative
distribution is assigned. In the absence of literature data, the same lambda distribution type,
value, and range were also recommended for the concrete and asphalt seal components.

WIPP Data Entry Form #464 WPO#; 33380
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 16: Pore Distribution - All Shaft Materials (Continued)
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 16: Pore Distribution - All Shaft Materials (Continued)

References {Continued):
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 17: Effective Porosity - Halite

Parameter Description:

The effective porosity of Salado Formation halite and polyhalite refers to the ratio of the
interconnected pore volume to the bulk volume.

Material and Parameter Name(s):

S_HALITE POROSITY (#544)

Computational Code: BRAGFLO

.00

PLOTLME e

oo 0.02
Porosity

mean median minimum maximum std. deviation
0.0128 0.01 0.001 0.03 0.01
Units: cubic meters/cubic meters
Distribution Type: Cumulative
CDF/PDF Graph
S_HALITE POROSITY
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Title 40 CFR Part 191 Compliance Certification Application

Parameter 17: Effective Porosity - Halite (Continued)

Data: Site-Specific Experimental Data

The effective porosity distribution of Salado halite is supported by three separate porosity
calculations: 1) Skokan et al. (1989; p. 15) determined from electromagnetic and DC
resistivity experiments, 2) drying experiments described in Powers et al. (1978, p. 7-30), and
3) drying experiments reported in Deal et al. (1993). The parameter records package
associated with this parameter is as follows: SCWF-A:WBS 1.2.07.1:PDD:QA:SALADO:
PKGR:POROSITY: effective porosity/hal (WPO 30601).

Discussion:

The high value (0.03) for the range of porosity is suggested in Skokan et al. (1989; p.6,13),
based on the low end (10 ohm) of the DC resistivity measurements registered in the
underground repository. The low value (0.001) is suggested in Powers et al. (1978) based on
drying experiments. The median value of 0.01 is suggested in Skokan et al.(1989; p.15). Deal
et al. (1993) found an average value of 0.016 for total porosity from a different series of drying
experiments.
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Parameter 18: Log of Intrinsic Permeability - Halite

Parameter Description:

The Salado Formation halite is assigned an intrinsic permeability intended to reflect the
stratigraphic vartability of Salado halite and far-field hydraulic conditions. It is a sampled
parameter for the x-direction and the values are then applied to the y- and z-directions.

Material and Parameter Name(s):

S_HALITE PRMX_LOG (#547)
S_HALITE PRMY_LOG (#548)
S_HALITE PRMZ_LOG (#549)

Computational Code: BRAGFLO

mean median

low high

std. deviation

-22.5 -22.5

-24.0 -21.0

0.87

Units: log(square meters)

Distribution Type: Uniform
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Parameter 21: Rock Compressibility - Marker Bed 138, Anhydrite Layers a & b, and
Marker Bed 139

Parameter Description:

The rock (or bulk) compressibility of the Salado Formation Anhydrite Layers a & b and
MB138 and MB139 is used to calculate the pore compressibility that is used in BRAGFLO.
Pore compressibility is used to predict the effect of material compressibility on porosity and
mass storage in the equation of state for flow through porous media as follows:

¢ = ¢, exp (c,(p-p.)

where,

¢ = porosity of solid matrix (cubic meters/cubic meters)
¢, = porosity at reference pressure p,

C, = pore compressibility (pascals™')

p = pore pressure (pascals)

Do = reference pore pressure (pascals)

The rock compressibility is divided by effective porosity to calculate pore compressibility. It
1$ a sampled parameter for MB139 and the values are then applied to MB138 and Anhydrite
Layersa & b.

Material and Parameter Name(s):

S_MB139 COMP_RCK (#580) :
S_ANH_AB COMP_RCK (#521) h
S_MB138 COMP_RCK (#560)

Computational Code: BRAGFLO

mean median minimum maximum std. deviation

8.26 x 107! 8.26 x 107! 1.09 x 107! 2.75x 107" 0

Units: pascals™

Distribution Type: Student’s-t
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