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1.0

Introduction

The Waste Isolation Pilot Plant (WIPP), located in southeastern New Mexico, has been
developed by the U.S. Department of Energy (DOE) for the geologic (deep underground)
disposal of transuranic (TRU) waste. Containment of TRU waste at the WIPP is regulated by the
U.S. Environmental Protection Agency (EPA) according to the regulations set forth in Title 40 of
the Code of Federal Regulations (CFR), Part 191. The DOE demonstrates compliance with the
containment requirements according to the Certification Criteria in Title 40 CFR Part 194 by
means of performance assessment (PA) calculations performed by Sandia National Laboratories
WIPP PA calculations estimate the probability and consequence of potential
(SNL).
radionuclide releases from the repository to the accessible environment for a regulatory period of
10,000 years after facility closure. The models used in P A are maintained and updated with new
information as part of an ongoing process. Improved information regarding important WIPP
features, events, and processes typically results in refinements and modifications to PA models
and the parameters used in them. Planned changes to the repository and/or the components
therein also result in updates to WIPP PA models. WIPP PA models are used to support the
repository recertification process that occurs at five-year intervals following the receipt of the
first waste shipment at the site in 1999.
WIPP waste panel closures comprise a feature of the repository that has been represented in
WIPP PA regulatory compliance demonstration since the Compliance Certification Application
(CCA) of 1996. Panel closures are included in the repository as a safety measure during the
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operational period. In particular, their presence in the repository is a means to protect workers
from exposure to two potential hazards: 1) volatile organic compounds that may be present in
emplaced waste materials and 2) an explosion which has been hypothesized to occur from gas
generation causing methane concentration in the waste panels to reach a sufficiently high level.
Panel closures were not developed to isolate radionuclides in the repository after closure. The
DOE stated in the CCA (DOE 1996) that “The panel closure system was not designed or
intended to support long-term repository performance.” Panel closures are included in WIPP
PA models principally because they are part of the disposal system, not because they play a
substantive role in inhibiting the release of radionuclides to the outside environment.
The WIPP was certified to receive TRU waste in 1998. The 1998 rulemaking had several
conditions, one of which involved the design of the panel closure system (PCS) implemented in
the repository. The DOE presented four design options in the CCA, and
“The EPA based its certification decision on the condition that DOE
implement the most robust design [referred to in the CCA as “Option D”].
The Agency found the Option D design to be adequate, but also determined
that the use of a Salado Mass Concrete- using brine rather than fresh waterwould produce concrete seal permeabilities in the repository more consistent
with the values used in DOE’s performance assessment. Therefore, Condition
1 of the EPA’s certification requires DOE to implement the Option D PCS at
the WIPP, with Salado Mass Concrete” (EPA 1998).
The Option D panel closure system consists of three primary components: 1) a concrete block
wall (the explosion wall), 2) open drift, and 3) a concrete monolith. The arrangement and
dimensions of these components are illustrated in Figure 1.
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Figure 1: A Schematic of the “Option D” Panel Closure
Extensive refinement to WIPP panel closure modeling in PA has occurred since the
implementation used in the CCA (Vugrin and Wagner 2006). In the CCA and the PAVT
(MacKinnon and Freeze 1997) that followed, regulatory compliance was demonstrated with a
generic panel closure that was not Option D. Following certification of the WIPP in 1998, and
the mandate that Option D be implemented as the panel closure in WIPP, a PA was conducted in
2002 (Hansen 2002) with the aim of implementing an Option D panel closure into the repository
2
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models used in WIPP PA, and to assess the impacts of panel closure design on long-term
repository performance. Two panel closure cases were considered. The first was modeled upon
the mandated Option D panel closure design. The second was the generic panel closure design
implemented in the CCA and PAVT. Upon completion of the analysis, it was found that total
normalized releases resulting from the two panel closure cases were nearly identical. Moreover,
nearly identical distributions for each release component were calculated in the two panel closure
cases. A more granular representation of the Option D panel closure was developed during the
2002 – 2003 Technical Baseline Migration (TBM) PA. Upon completion of the TBM PA, it was
found that the TBM and PAVT produced releases that are nearly identical, indicating that
repository performance is not significantly affected by changes in the panel closure properties
(Dunagan 2003). The Option D panel closure representation developed during the TBM was
used for the panel closure representation in the 2004 and 2009 Compliance Recertification
Applications (CRA-2004 and CRA-2009, respectively).
Panel closures are represented in PA by way of their material properties and spatial extent. Due
to the regulatory time scale of 10,000 years for which regulatory compliance must be
demonstrated, there are uncertainties associated with panel closure material properties. These
uncertainties in material properties are incorporated in PA. A material property with an
associated uncertainty is assigned a distribution, and this distribution is randomly sampled. This
sampling process allows for repository performance to be quantified over a range of material
conditions, as well as an analysis of performance sensitivity to changes in material properties.
As briefly described above, numerous studies have been conducted to date, often by way of full
PA analyses, to quantify the impact of changes in panel closure material properties on regulatory
compliance. In addition, several PA analyses have been performed (Hansen 2002, Vugrin &
Dunagan 2006, Camphouse et al 2011) with the aim of determining the impact of panel closure
redesigns on repository performance. Regulatory compliance has been met in all PA analyses
performed to date, including those that incorporated changes to panel closure modeling.
Regulatory compliance has been repeatedly shown to be primarily insensitive to panel closure
material properties. A future PA is planned that incorporates a new panel closure design into the
current PA baseline established by the 2009 Performance Assessment Baseline Calculation
(PABC-2009) (Clayton et al., 2010). The name given to this planned panel closure PA is PCS2012.
The PCS-2012 will quantify impacts of a run-of-mine (ROM) salt panel closure design by
comparing total normalized releases to those found in the PABC-2009 where Option D was
implemented as the panel closure. Calculations and analyses have been performed to develop
material properties to be used in the PCS-2012, and are documented in DOE (2012) and Herrick
(2012). This memorandum provides hydrologic and pore compressibility parameter values for
the revised PCS in the PCS-2012 PA. Parameters are created as discussed in NP 9-2,
Parameters. PCS-2012 parameters not listed in the memorandum will be equal to the values
prescribed to them in the PABC-2009. In the discussion that follows, material parameters and
timings are developed to account for the following physical processes and accepted rock
mechanics principles:
1. Creep closure of the salt rock surrounding panel entries will cause consolidation of
ROM salt emplaced in panel entries.
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2. Eventually, the ROM salt comprising the closures will approach a condition similar to
intact salt.
3. As ROM salt reaches higher fractional densities during consolidation, back stress will
be imposed on the surrounding rock mass leading to eventual healing of the disturbed
rock zone (DRZ).
4. DRZ healing above and below the ROM salt panel closures will reduce DRZ porosity
and permeability in those areas.
A brief discussion of creep and reconsolidation of run-of-mine salt, and the DRZ healing that
results, is the topic of the next section.
2.0

Creep and Reconsolidation of Run-of-Mine Salt

2.1

Creep Closure in Salt

The ability of salt to deform with time, eliminate voids, and create an impermeable salt barrier
around the waste was one of the principal reasons for locating the WIPP repository in a bedded
salt formation. The creep closure process is a complex and interdependent series of events
starting after a region within the repository is excavated, which creates a disturbance in the stress
field. Stress relief results in some degree of brittle fracturing and the formation of a DRZ
surrounding excavations in all deep mines. For the WIPP, the DRZ is characterized by an
increase in permeability, and may ultimately extend a few meters from the excavated region.
Stress relief generates deviatoric stresses in the host rock, causing salt to deform by creep
processes and to move inward to fill the excavated void. This process of salt creep will continue
until deviatoric stress is dissipated and the system is once again at stress equilibrium (DOE 1996,
Section 6.0.2.2 and Appendix PORSURF). Eventually, at equilibrium, deformation ceases, and
the panel entry and any backfill (such as ROM salt) have undergone as much compaction as is
possible by the weight of the rock above the repository horizon.
2.2

Mechanical Behavior of Run-of-Mine Salt

The mechanical behavior of ROM salt, which is also referred to as crushed salt, has been
extensively studied and can be divided into three basic categories: elastic deformation, inelastic
deformation, and failure (Callahan et al. 1995, Section 2.4.1). The inelastic behavior can further
be divided into time-independent (instantaneous compaction) and time-dependent (creep
consolidation) deformation. A number of parameters or characteristics are expected to affect the
mechanical behavior of crushed salt. These parameters include (but are not limited to) density (or
porosity), grain size and grain size distribution, moisture content, impurity content (such as clay,
anhydrite, etc.), temperature, stress state (i.e., confining pressure and stress difference), and time.
Crushed salt is proposed as the main component of the redesigned panel closure, and over time
this crushed salt will be consolidated by the creep closure of the entry. Crushed salt is also
proposed as one component of the shaft seal, and an assessment of the mechanical behavior of
crushed salt is provided as part of the WIPP shaft sealing system design (DOE 1996, Appendix
SEAL). If salt reconsolidation is unimpeded by fluid pore pressures, the material will eventually
achieve extremely low permeabilities approaching those of the native Salado Formation.
Developments in support of the WIPP shaft seal system have produced confirming experimental
results, constitutive material models, and construction methods that substantiate use of a salt
4
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column to create a low permeability seal component. Other advantages of the use of crushed salt
for sealing systems is that as a replacement of the natural material in its original setting it ensures
physical, chemical, and mechanical compatibility with the host formation.
2.3

Response of the Disturbed Rock Zone

An underground excavation creates a disturbed zone in the surrounding rock. Microfracturing
will occur in the rock adjacent to the drift wall, where confining stresses are low or nonexistent.
The extent of the zone depends on the rock strength and the prevailing stress state, which is
depth dependent.
In terms of WIPP repository applications, one of the most important features of salt as an
isolation medium is its ability to heal previously damaged areas (Hansen 2003, Section 4.1).
Damage recovery, or healing, arises when the magnitude of the deviatoric stress decreases
relative to the applied mean stress. A decrease in deviatoric stress occurs as stresses approach
lithostatic conditions, as would be the circumstance adjacent to the crushed salt barrier when it
reaches a consolidated state. The healing mechanisms include microfracture closure and bonding
of fracture surfaces. Microfracture closure is a mechanical response to increased compressive
stress applied normal to the fractures, while bonding of fracture surfaces occurs either through
crystal plasticity, a relatively slow process, or pressure solution and redeposition, a relatively
rapid process (Spiers et al., 1988). Evidence for healing has been obtained in laboratory
experiments, small-scale tests at WIPP and through observations of field analogs (Hansen 2003,
Sections 4.5, 4.6, and 4.9).
2.4

Impact of ROM Salt Reconsolidation on Porosity and Permeability

Numerical modeling conducted as part of shaft sealing analyses provides density of the
compacted salt column as a function of depth and time. Many calculations comparing models for
consolidation of crushed salt were performed to quantify performance of the crushed salt column
in the shaft seal (DOE 1996, Appendix SEAL; Callahan et al. 1995; Brodsky et al. 1996). From
the density-permeability relationship of reconsolidating crushed salt, permeability of the
compacted salt seal component is calculated. In general, results show that the bottom of the salt
column consolidates rapidly, achieving permeability of 1×10-19 m2 in about 50 years. By 100
years, the middle of the salt column reaches similar permeability.
Structural analysis calculations were developed to determine the fractional density of the crushed
salt seal as a function of time and depth and, using these results, to determine permeability of the
crushed salt as a function of time and depth (DOE 1996, Appendix SEAL, Section 7.4.2.1). The
results of these calculations indicate that compacted salt will increase from its emplaced
fractional density of 90% to a density of 95% approximately 40, 80, and 120 years after
emplacement at the bottom, middle, and top of the shaft seal, respectively. Using the modified
Sjaardema-Krieg creep consolidation model, the times required to fully reconsolidate the crushed
salt to 100% fractional density are 70 years, 140 years, and 325 years at the bottom, middle, and
top of the salt column, respectively. Based on these results, the desired fractional densities
(hence, permeability) can be achieved over a substantial length of the compacted salt seal in the
range of 50 to 100 years.
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Addition
nal details on
n the porositty and perm
meability of R
ROM salt arre provided in Sections 5.1.1
and 5.1.2
2. Based on
n the calcullations cited
d above and on in situ observationss as describbed in
Section 5.1.1,
5
it is expected
e
thaat a complettely consoliddated ROM salt-filled ddrift will achhieve
flow properties indisstinguishablee from naturral Salado ssalt. The abbility of saltt to recover from
a heal is a time-depeendent proceess; eventuallly, the perm
meability off the consolidated
damage and
ROM sallt and the surrrounding DRZ
D
will retu
urn to that off intact salt.
3.0

Revised
R
Desiign of the PC
CS

The DOE
E has submittted a planneed change reequest (PCR)) to the EPA
A requesting that EPA m
modify
Condition
n 1 of the Final
F
Certifi
fication Ruleemaking for 40 CFR Paart 194 (EPA
A, 1998) foor the
WIPP. Following
F
th
he selection
n of the Opttion D paneel closure deesign in 19998, the DOE
E has
reassesseed the engineeering of thee panel closu
ure and estabblished a revvised design which is sim
mpler,
easier to construct an
nd equally effective
e
at performing
p
its operationnal-period issolating funcction.
Accordin
ngly, the PC
CR submitteed to EPA requested
r
thhat Conditioon 1 be channged, and tthat a
revised design
d
for thee panel closu
ures be apprroved for usee in all panels (DOE, 20011). The reevised
design off the PCS, kn
nown as the Run-of-Min
ne Panel Cloosure System
m (ROMPCS
S), comprises 100
feet of ru
un-of-mine (ROM)
(
salt with
w barrierss at each endd (Figure 2)). The ROM
M salt is geneerated
from ong
going mining
g operationss at the WIP
PP and may be compactted and/or m
moistened ass it is
emplaced
d in a panel entry. The ROM
R
salt will
w be emplaaced to all saalt surfaces ((back, walls,, etc.)
as complletely as praacticable. After
A
emplacement, creepp closure off the panel eentries will ccause
the ROM
M salt to con
nsolidate to a condition approaching intact saltt, with low pporosity andd low
permeabiility.

s betweenn two ventilaation bulkheaads
(a) Panel closuree with 100 feeet of ROM salt
Concrete
block wall

(b) Panel closuree with 100 feeet of ROM salt
s betweenn a ventilatioon bulkhead & explosionn wall
Figu
ure 2. Schem
matic diagram
m of the revi sed panel cloosure designn
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The barriers will consist of ventilation bulkheads, similar to those currently used in the panels as
room closures (Figure 3). The ventilation bulkheads are designed to restrict air flows and
prevent personnel access into waste-filled areas during the operational phase. In Panels 1, 2, and
5, where explosion walls fabricated from concrete blocks have already been emplaced in the
panel entries, an explosion wall is the inbye barrier and a ventilation bulkhead will be the outbye
barrier, as shown in Figure 2b.
The emplacement scheme for the ROM salt will be finalized once in situ testing has been
completed. It is expected that the final emplacement scheme will involve some degree of inplace compaction, with or without added moisture (moisture may be added because it accelerates
the consolidation of the crushed salt). The emplacement technique and/or strategy is not
important to long-term repository performance. In particular, the uncertainty in the final panel
closure emplacement strategy is not a result of consideration of long-term panel closure
characteristics. Panel closures are emplaced in the repository to protect workers during the
operational phase of the facility. Emplacement uncertainty is due to current lack of operational
experience in constructing/emplacing this type of closure system. The method used will be
based on consideration of various operational variables.
Cost, efficiency, short-term
effectiveness, dust control, and other factors will all play into the final emplacement scheme. A
range of possible emplacement strategies are being assumed in the PCS-2012 to develop panel
closure materials, properties, and timings representative of all potential emplacement strategies.
At one end of the range is emplacement of dry ROM salt without any initial compaction. The
uncompacted porosity of ROM salt is assumed to be 35%, based on several sources. Callahan
and Devries (1991, Section 4.1 and Table 2-2) define the initial density of crushed salt as about
65% of intact density, based on data from (Sjaardema and Krieg, 1987) and (Weatherby, 1989).
This initial density corresponds to an initial porosity of approximately 35% for the crushed salt.
Recent work on backfill compaction in the German repository program also assumes an initial
backfill porosity of 35% (Rothfuchs and Wieczorek, 2010). The uncompacted ROM salt is
therefore assumed to have an initial porosity of 35%, equivalent to a fractional density of 65%.
At the other extreme, the ROM salt may be emplaced in compacted layers that are wetted with a
small amount of moisture to enhance the initial emplacement density and short-term
consolidation. The average porosity of the compacted layers is estimated to be greater than 20%,
based on engineering judgment. The values of the hydrologic and mechanical parameters for the
PCS-2012 PA are intended to encompass both of these extremes.

7

Information Only

Figure 3. Typical
T
desig
gn of a ventiilation bulkhhead that bloocks the paneel entry
The ROM
M salt is chemically com
mpatible with
h the host rocck because iit is mined frrom the hostt rock
at the rep
pository horrizon and beecause it hass no additivees, except ffor the possiible additionn of a
small am
mount of mo
oisture. The sheet metall in the venttilation bulkkhead has sm
mall mass aand is
chemicallly similar to
o the iron-baased metals in
i the wastee and waste ccontainers thhat are alreaady in
the repossitory. The materials
m
in the
t redesigneed PCS will therefore bee chemicallyy compatiblee with
the host rock
r
and witth the materiials already in
i the reposiitory.
4.0

Mo
odeling App
proach for PCS-2012
P
PA
A

A new PA
P baseline was establisshed by the PABC-20099 (Clayton eet al., 2010). The differeences
between the PABC--2009 and th
he PCS-201
12 PA will be a direct consequencce of the reevised
design off the PCS. More
M
specifi
fically, the PCS-2012
P
PA
A will use th
the BRAGFL
LO grid thatt was
used for the PABC-2
2009, but wiith new prop
perties for thhe materials that represeent the ROM
M salt
CS and the disturbed
d
rocck zone direectly around the PCS. N
Note that thee Option D ppanel
in the PC
closure im
mplemented
d in the PAB
BC-2009 is 40
4 meters loong (Figure 1) while thee redesignedd PCS
modeled in the PCS-2012 is 100 feet (30.48 meters) longg. The PAB
BC-2009 BRA
AGFLO gridd will
be modiffied slightly
y to accountt for the red
duction in leength of thee ROMPCS
S as comparred to
Option D.
D
The ROM
MPCS propeerties will be
b based on three time pperiods: from 0 to 100 years, from
m 100
years to 200
2 years, and from 200
0 years to 10
0,000 years. This is a reffinement to tthe granularrity of
panel clo
osure modelling undertak
ken in the 2006
2
PCS P
PA (Vugrin and Dunagaan 2006) annd the
8

Information Only

2011 PC3R PA (Cam
mphouse et al
a 2011). Th
hree time perriods are apppropriate beccause the process
to consollidate the RO
OM salt occu
urs over a primary time scale of appproximately 100 years, w
while
the proceess to heal frractures in th
he DRZ surrrounding thee PCS occurrs over a lonnger time scaale of
approxim
mately 200 years. The RO
OM salt willl therefore be representeed by three m
materials, dennoted
as PCS_T
T1 for the fiirst 100 yearrs, PCS_T2 for
f 100 to 2 00 years, annd PCS_T3 ffor 200 to 100,000
years. Siimilarly, thee DRZ direectly above and below the ROM salt will bee representeed by
materialss DRZ_PCS_
_T1, DRZ_P
PCS_T2, and
d DRZ_PCS
S_T3.
The venttilation bulk
kheads are deesigned to provide
p
isolaation only du
during the opperational peeriod.
These bu
ulkheads are not expecteed to remain
n intact 100 yyears after rrepository cllosure becauuse of
creep clo
osure of the panel
p
entriess. The explo
osion wall is also designeed for the opperational peeriod.
This walll is inspected
d on a regulaar basis, and
d the anticipaated conditioon of the walll is also assessed
through numerical
n
modeling
m
(e.g
g. RockSol, 2006). Figgures 4 and 5 present phhotographs oof the
condition
n of the freee face in Pan
nel 1 during
g February 22012. The eexplosion waall shows suurface
spalling or slabbing of the concrrete blocks as
a a result oof the loadinng caused byy inward creeep of
the salt. In
I contrast, the
t plastic prroperties on the ROMPC
CS will allow
w it to reconnsolidate andd heal
under inccreasing load
d due to salt creep. The thickness o f the slabs sshown in Figgure 4 is typiically
1.2 to 1.5
5 inches and
d quite consiistent. The ro
od in Figuree 5 is anchorred by a nutt resting on a thin
layer of bricks
b
that have
h
becomee detached and
a pushed oout by the foormation of a crack aboout an
inch behiind the free surface.
s

Figure 4. Su
urface spalliing at the basse of the expplosion wall in the intakee drift of
Panel 1 durring Februarry 2012
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Fig
gure 5. Surfaace spalling at the top co
orner of the eexplosion waall in the intake drift of
Panel 1 durring February
ry 2012.
Numerical stress anaalysis of the concrete exp
plosion walll has demonsstrated that tthe free facees and
the rib contacts will be in a con
ndition of pllastic yield with an unyyielded core by 7 years after
emplacem
ment (Rockssol, 2006, Figures 7 and 10). No lonng term stresss analyses hhave been caarried
out; how
wever, it is ex
xpected that the spalling and yield w
will be progreessive, and tthat the wallss will
not be significant strructures afteer the initial 100 year tim
me period, ddue to the brittle, non-pplastic
behavior of concretee. The ven
ntilation bulk
kheads and explosion w
walls will thherefore havve no
significan
nt impact on
n long-term performancce of the pannel closuress and are noot included iin the
analysis of material properties for
f the PCS and the DR
RZ surroundding the PCS. Additionnally,
during th
he initial 10
00 year perriod after reepository cl osure, the pprimary pottential flow path
through the closure system willl be through
h the DRZ sso any influuence from tthe bulkheaads or
explosion
n wall will be
b minimal.
5.0

PCS Parameteers

As discu
ussed in Secttion 2.0, thee salt rock su
urrounding tthe panel enntries is creeeping closedd, and
this closu
ure will cau
use consolid
dation of RO
OM salt em
mplaced in ppanel entriess. Eventuallyy the
ROM sallt will appro
oach a condiition equivallent to intactt salt. Durinng the consoolidation proocess,
as the ROM
R
salt reeaches higheer fractional densities, a back streess will be imposed onn the
surround
ding rock maass leading to healing of the DRZ
Z and a reduuction in D
DRZ porosityy and
permeabiility. These processes
p
an
nd their effecct on porositty and perm
meability of tthe ROM sallt and
the surro
ounding DRZ
Z are discusssed in Sectiion 2.0. Thiis section off this memoorandum proovides
values fo
or a completee set of hydrrologic param
meters and thhe pore com
mpressibility parameter foor the
ROM sallt and for thee DRZ directtly above an
nd below the PCS.
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5.1
5.1.1

Hydrologic and Pore Compressibility Parameters for the ROM Salt
Porosity of ROM Salt

Estimates of the consolidation process have been made in a series of calculations (Herrick 2012)
carried out using JAS3D (Blanford et al., 2001; DOE, 2012, Figures 4 through 7) with the
Sjaardema and Krieg (1987) model for crushed salt, modified with a deviatoric creep compaction
response (Stone, 1997). Separate calculations were performed for initial emplacement porosities
of 20%, 25%, 30%, and 35%, which correspond to initial fractional densities of 80%, 75%, 70%,
and 65%, respectively. These calculations show consolidation to a porosity of 5% in 65 years
from an initial porosity of 20% and in 152 years from an initial porosity of 35%. The results
from the JAS3D calculations during the first 150 years are summarized in Table 1 as a function
of time and initial emplacement porosity.
Table 1. Porosity predicted by JAS3D for ROM salt in a panel entry as a function of time and
initial emplacement porosity
Time After
Emplacement (Years)
0
50
100
150

Porosity
25%
30%
10.3%
14.6%
4.2%
7.3%
1.2%
2.9%

20%
6.6%
1.9%
1.0%

35%
18.7%
10.7%
5.2%

During the first time period, from 0 to 100 years, the data in Table 1 show that the porosity of the
ROM salt decreases rapidly. In order to represent this time varying porosity in a way suitable for
long-term performance assessment calculations, it is reasonable to define the range of porosity of
the ROM salt at the midpoint of this time interval, 50 years. The porosity range for the first 100
years is then 6.6% to 18.7%, based on the second row of data in Table 1. This range explicitly
accounts for the uncertainty in initial emplacement porosity for the ROM salt.
For the time period from 100 to 200 years, the porosity range is 2.5% to 7.5%, with an expected
or mean porosity of 5%. The lower limit for the porosity range, 2.5%, is essentially the same as
the lower limit of porosity from the JAS3D calculations at 100 years, 1.9% (see Table 1). The
upper limit for the porosity range, 7.5%, is less than the maximum porosity from the JAS3D
calculations at 100 years, which is 10.7% (see Table 1); however, the JAS3D calculation for
ROM salt with an initial porosity of 35% predicts a porosity of 7.5% by 126 years after
emplacement. The value of 7.5% as an upper limit is also consistent with the magnitude of the
porosity range for intact halite. That is, the magnitude of the porosity range from 100 to 200
years is 7.5% - 2.5% = 5%, approximately equal to the magnitude of the observed porosity range
for intact salt, which is 5.19% - 0.1% = 5.09% (DOE 2009, Appendix PA, Parameter 17; Ismail
2007). Finally, the mean porosity, 5%, is consistent with the JAS3D predictions at 100 years,
which have a porosity range of 1.9% to 10.7% at 100 years after emplacement (see the 3rd row
of data in Table 1).
A number of sources corroborate the use of a reduced upper limit, 7.5% rather than 10.7%,
during the second time period. Hurtado et al. (1997) carried out a number of consolidation
11
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estimates for the proposed crushed salt component of the shaft seals. The proposed crushed salt
component of the shaft seals will consist of mined WIPP crushed salt, dynamically precompacted
with added moisture to a porosity of 10%. Calculations of the consolidation of this component
due to creep closure of the shaft indicate that the crushed salt will be at an essentially intact
condition (a fractional density approaching 1) within 100 years at a depth of 515 m and within 60
years at a depth of 600 m (Hurtado et al. 1997, Figure 2-3). Additional calculations by Callahan
(1999) show consolidation results for different crushed salt models at depths of 430 m, 515 m,
and 600 m, indicating similar results to Hurtado et al. (1997). Callahan and DeVries (1991)
conducted calculations on the closure of disposal rooms backfilled with crushed salt that show
closure to essentially intact density in about 25 years. Collectively, these alternate calculations
imply that a mean porosity of 5% and an upper limit of 7.5% by 100 years after emplacement are
reasonable and conservative values.
The consolidation process will continue after 200 years, particularly for ROM salt that is
emplaced dry with minimal compaction. This is accounted for by assigning a third time period,
200 to 10,000 years, during which consolidation of the ROM salt will continue and achieve a
porosity similar to that of intact salt regardless of the emplacement strategy. In situ observations
from the BAMBUS II project at the Sigmundshall mine in Germany indicate consolidation of a
crushed salt slurry to essentially an intact condition within tens of years (Bechthold et al., 2004,
Figure 2.57). Consolidation to an essentially intact condition is also confirmed by observations at
the Rocanville mine, where a consolidated salt plug was emplaced after a water inflow, and has
been effective in sealing off a hydrostatic groundwater pressure of about 1200 psi (8.3 MPa)
(Van Sambeek et al., 1995). The state of the intact halite at WIPP therefore provides an analog
for the long-term consolidated state of ROM salt in a panel entry. Table 2 summarizes the values
for porosity of the ROM salt as a function of time.
The values in Table 2 indicate that there is a significant overlap between the porosity ranges for
the 100 to 200 year and the 200 to 10,000 year time periods. More specifically, the 2.5% to
5.19% porosity range is included in both time periods, although this range represents the lower
end of the porosity range from 100 to 200 years and the upper end of the porosity range from 200
to 10,000 years. This representation is very reasonable because the consolidation process will
continue after 200 years, particularly for ROM salt that is emplaced with minimal compaction,
and because the JAS3D predictions show that the rate of consolidation decreases significantly
after 100 years, making an overlap in the porosity range likely to occur as porosity decreases to
in situ values.
Table 2. Porosity of the ROM salt during three time periods
Parameter

Time Period

Assumed
Porosity

PCS_T1:POROSITY

0 to 100 years

6.6% to 18.7%

PCS_T2:POROSITY

100 to 200 yrs

2.5% to 7.5%

PCS_T3:POROSITY

200 to 10,000
yrs

0.1% to 5.19%

Notes
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Assumes ROM salt is emplaced with an initial porosity
of 20% to 35%. An initial porosity of 35% represents
no compaction during emplacement.
2.5% to 7.5% is consistent with the JAS3D calculations
and is conservative relative to alternate computational
predictions from several sources.
Assumes that the porosity of crushed salt after 200
years is equal to the porosity for intact halite.
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5.1.2

Permeability of ROM Salt

Laboratory experiments on consolidated cores of crushed salt confirm that the intrinsic
permeability of crushed salt decreases as the fractional density of the cores increases (Hurtado et
al. 1997, Figure 2-1). This observation is corroborated by other experiments on the behavior of
crushed salt under similar conditions to WIPP (Case et al., 1987; Zhang et al., 2007); although
the cores tested by Zhang et al. (2007) are for salt from the Asse mine and some of the core
tested by Case et al. (1987) is for salt from Avery Island, the overall behavior of the crushed
material is expected to be similar. The general observations from testing of crushed salt cores are
that: (1) intrinsic permeability decreases as the fractional density increases (or as the porosity
decreases), (2) crushed salt cores with added moisture generally have lower values of intrinsic
permeability than dry cores, and (3) cores of crushed salt with smaller grain sizes generally have
lower values of intrinsic permeability than cores with larger grain sizes. The first and third
observations are generally valid for all granular materials, while the second observation
specifically relates to the microstructure of the salt cores and requires further explanation.
At equivalent fractional densities, dry consolidated salt cores are more permeable than wet
consolidated salt cores because of the difference in the mechanism causing consolidation. Under
dry conditions, the effective consolidation mechanism is crystal plasticity, while under wet
conditions the effective consolidation mechanism is pressure solution/redeposition (Hurtado et
al. 1997, page 2-7; Case et al., 1987, Section 4). Pressure solution/redeposition under wet
conditions generally produces higher consolidation rates and more deformation than crystal
plasticity under dry conditions, leading to lower measured permeability for wet consolidated salt
than for dry consolidated salt at equivalent fractional densities (Hurtado et al. 1997, Figure 2-1;
Case et al., 1987, data for Test 3 in Figure 1).
During the first time period, from 0 to 100 years, the porosity of the ROM salt varies from 6.6%
to 18.7% (see Table 2). Table 3 summarizes permeability data for cores of crushed salt that are
relevant to the maximum porosity of 18.7%. The data are from three sources: Hurtado et al.
(1997), Case et al. (1987), and Zhang et al. (2007). Hurtado et al. (1997) summarizes data from
(Brodsky 1994) and (Brodsky et al., 1996) for wet and dry cores, respectively. The permeability
data from the three sources are remarkably consistent and provide a basis for defining the
maximum permeability as approximately 10-12 m2 at a porosity of 18.7%.
Table 3. Permeability data for cores of crushed salt at 18.7% porosity
Source

Porosity

Permeability
(m2)

(Brodsky et al., 1996),
summarized in Table
2-1 of (Hurtado et al.,
1997)
Case et al., 1987,
Figure 1

17.8%

4.11×10-13 m2

18.7%

1×10-13 m2 to
2×10-12 m2

Zhang et al., 2007,
Figure 4

18.7%

2×10-13 m2 to
1×10-12 m2

Notes
For dry WIPP salt at fractional density of 0.822
(porosity of 17.8%). This core has the greatest porosity
of the data in (Brodsky et al., 1996) and (Brodsky
1994).
For dry WIPP salt with 0.9 mm and 10 mm maximum
grain sizes (Tests 1 and 2) and for moistened WIPP
salt with 20 mm maximum grain size (Test 3).
For dry Asse salt cores with maximum grain size of 32
mm.
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At the minimum porosity value of 6.6% during the first 100 years after facility closure, the
measurements have a wide range of permeability because of the microstructure of the cores.
Table 4 has the measured values that are relevant to a porosity of 6.6%. The gas permeability
data for dry cores at 6.6% are relatively consistent from the three sources, falling within a
permeability range of 10-15 m2 to 10-14 m2. The brine permeability from Case et al. (1987) is
lower than the brine permeability from Hurtado (1994), which may be caused by the maximum
grain size for the cores. Test 3 from Case et al. (1987, Table 1) has a maximum grain size of 20
mm, while the maximum grain size of ROM WIPP salt was measured at 1.5 inches (38 mm)
(Pettigrew and Associates, 1993), or almost twice as large as the crushed salt for Test 3. Cores
with finer grain sizes are expected to have lower permeability than cores with larger grain sizes,
which may explain the observed difference in permeability from different sources.
Table 4. Permeability data* for cores of crushed salt at 18.7% porosity
Source
(Brodsky et al., 1996)
& (Brodsky, 1994),
summarized in Table
2-1 of (Hurtado et al.,
1997)
Case et al., 1987,
Figure 1

Zhang et al., 2007,
Figure 4

Porosity

Permeability
(m2)

Notes

6.61%

4.95×10-15 m2

For dry WIPP salt at a fractional density of 0.9339
(porosity of 6.61%)(Brodsky et al., 1996)

6.67%

2.14×10-19 m2

6.6%

1×10-15 m2 to
1×10-14 m2

For wet WIPP salt at a fractional density of 0.9333
(porosity of 6.67%)(Brodsky 1994)
For dry WIPP salt with 0.9 mm and 10 mm maximum
grain sizes (Test 1 and Test 2)

6.6%

1×10-21 m2 to
-20
2
1×10 m
-14
1×10 m2

18.7%

For wet WIPP salt with 20 mm maximum grain size
(Test 3).
For dry Asse salt cores with maximum grain size of 8
mm.

*Data on fractional density and permeability from (Brodsky, 1994) and (Brodsky et al., 1996) are reproduced with the same
number of digits in (Hurtado et al., 1997, Table 2-1) to facilitate identification of specific measurements in the data sets.

The range of permeability for performance assessment should encompass the range of laboratory
measurements shown in Tables 3 and 4. At a porosity of 18.7%, the maximum permeability is
approximately 10-12 m2. At a porosity of 6.6%, the brine permeability from Hurtado et al. (1997)
is about 2×10-19 m2. The brine permeability data from Case et al. (1987) are not used here
because the maximum grain size for Test 3, 20 mm, is somewhat smaller than the measured
maximum grain size for WIPP salt, 38 mm. We therefore determine that the permeability of the
ROM salt should be sampled from a log-uniform distribution, [2×10-19 m2, 10-12 m2], during the
first time period, from 0 to 100 years.
During the second and third time periods, the permeability of consolidated ROM salt is based on
the experimental measurements of consolidated WIPP salt cores summarized in Hurtado et al.
(1997) and further documented in additional Sandia documents (Brodsky, 1994; Brodsky et al.,
1996; Ahrens and Hansen, 1995). This analysis uses the brine permeability data from Brodsky
(1994) for two reasons. First, the salt cores are based on ROM salt from the WIPP and provide a
consistent data set for defining permeability as a function of porosity. Second, the fractional
densities of the salt cores measured by Brodsky (1994) have a range of 0.8953 to 1.00511
(porosity of 10.47% to ~ 0%, resp.), which encompass the porosity range of interest during the
second and third time periods (see Table 2). The alternate data sets are either sparsely populated
1

A fractional density greater than 1 may imply uncertainty in the assumed density of intact salt.
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at the porosities of interest during the second and third time periods or are based on crushed salt
with finer grain sizes than ROM salt from the WIPP.
The permeability data from Brodsky (1994) are represented as a function of porosity through a
two-step relationship: (1) a least squares fit to the permeability data as a function of fractional
density, and (2) a normal distribution that represents the residuals of the data about the least
squares fit. This approach captures the mean variability of permeability with porosity and
represents the uncertainty in the data set. Figure 6 shows the least squares fit to the data from
(Brodsky, 1994). Figure 7 is a quantile-quantile plot showing that a normal distribution provides
a good representation of the residuals of the individual data points about the least squares fit.
(The closeness of the individual points to the straight line in Figure 7 indicates the goodness of
fit by a normal distribution.) This normal distribution has a mean of 0.0 and a standard deviation
of 0.86. The parameters for the normal distribution are determined by the data, without
adjustment or expert judgment. Given the limited number of data points from Brodsky (1994),
the normal distribution will be truncated at plus or minus two standard deviations.
The relationship between porosity and permeability can be mathematically written as:
log(k e )  21.187(1   )  1.5353,
k  10

log( k e ) 

(1)



 k e 10 ,

(2)

where ke is the expected value of permeability from the least squares fit,
 is the sampled value of porosity,
k is the final value of permeability, and
is the sampled value of a normal distribution with a mean of 0, a
standard deviation of 0.86, and truncated at ±2 standard deviations.
‐17

‐18

Log10(Permeability [m2])

y = ‐21.187x + 1.5353
R² = 0.3222

‐19

‐20

Brine Data (Brodsky 1994)
‐21

Linear Fit

‐22
0.88

0.9

0.92

0.94
0.96
Fractional Density

0.98

1

1.02

Figure 6. Least squares fit to brine permeability measurements for WIPP crushed salt
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Residual of Log10(K[m2]) from Linear Fit

2.5

1.5

0.5

‐0.5

‐1.5

‐2.5
‐2.5

‐1.5

‐0.5

0.5

1.5

2.5

Residual for a Normal Distribution

Figure 7. Quantile-quantile plot of the data residuals relative to the linear fit and of the predicted
residuals for a normal distribution with mean of 0.0 and standard deviation of 0.86
The following algorithm for representing the values of PCS_T1:PRMX_LOG,
PCS_T2:PRMX_LOG and PCS_T3:PRMX_LOG in PA should be used:
1. The value of PCS_T1:POROSITY is sampled from a uniform distribution, [6.6%,
18.7%], in each realization.
2. The permeability [m2] of ROM salt from 0 to 100 years, PCS_T1:PRMX, is sampled
from a log-uniform distribution, [2×10-19 m2, 10-12 m2], in each realization. The values of
PCS_T1:PRMY and PCS_T1:PRMZ are set equal to PCS_T1:PRMX.
3. For each realization, the value for PCS_T2:POROSITY between 100 and 200 years is
sampled from a uniform distribution with a minimum of 0.025 and a maximum of 0.075.
The value for PCS_T3:POROSITY between 200 and 10,000 years is sampled from a
uniform distribution with a minimum of 0.001 and a maximum of 0.0519.
4. Calculate the expected values of the log10 (ke), the logarithm of the expected permeability,
using Equation (1) with the sampled values of PCS_T2:POROSITY and
PCS_T3:POROSITY.
5. Sample a normal distribution (mean of zero, standard deviation of 0.86) that is truncated
at ±2 standard deviations and calculate the final value of the permeability, k, using
Equation (2). This calculation is performed twice, once for 100 to 200 years, and a
second time for 200 to 10,000 years. This sampling is performed once per realization.
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6. The values of PCS_T2:PRMX, PCS_T2:PRMY, and PCS_T2:PRMZ are set equal to the
value of k for the second time period. The values of PCS_T3:PRMX, PCS_T3:PRMY,
and PCS_T3:PRMZ are set equal to the value of k for the 200 to 10,000 year time period.
Figure 8 shows the range of permeability as a function of fractional density for this algorithm.
Table 5 presents numerical values of the minimum, and maximum permeability from 0 to 100
years, from 100 to 200 years, and from 200 to 10,000 years based on this approach. For the latter
two time periods, the mean permeability is based on the sampled value of porosity (between 0.025
and 0.075 for 100 to 200 years, and between 0.001 and 0.0519 for 200 to 10,000 years), as defined
by the least squares fit (Equation (1)). The minimum and maximum permeability values
correspond to -2 and +2 standard deviations on the normal distribution, respectively (Equation (2)).
The 2.5% to 5.19% porosity range is included in both the 100 to 200 year and the 200 to 10,000
year time periods (see discussion in Section 5.1.1), and represents the lower end of the porosity
range from 100 to 200 years and the upper end of the porosity range from 200 to 10,000 years.
This provides an overlap in the permeability ranges for these two time periods, although the
effect is mitigated by sampling the uncertainty in the data about the least squares fit in Figure 8.
With this algorithm, the calculated permeability value for 200 to 10,000 years may be greater
than the calculated permeability value for 100 to 200 years. This is not a reasonable outcome, so
the permeability value for 200 to 10,000 years should be sampled so that it is never greater than
the permeability value for 100 to 200 years.
‐15
Brine Data (Brodsky 1994)
±1 Standard Deviation

‐16

±2 Standard Deviations
Linear Fit

Log10(Permeability [m2])

‐17

‐18

‐19

‐20

‐21

‐22
0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

Fractional Density (= 1 ‐ )

Figure 8. Variation of permeability with fractional density, based on the least squares fit and a
normal distribution with a mean of 0.0 and a standard deviation of 0.86
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Table 5. Permeability of the ROM salt during three time periods
Fractional
Density

Minimuma,b
Permeability

Maximuma,b
Permeability

Parameter(s)

Porosity

PCS_T1:
PRMX_LOG,
PRMY_LOG,
PRMZ_LOG
PCS_T2:
PRMX_LOG,
PRMY_LOG,
PRMZ_LOG
PCS_T3:
PRMX_LOG,
PRMY_LOG,
PRMZ_LOG

6.6% to
18.7%

0.825 to 0.933

-18.7
-19
2
(2×10 m )

-12
(1×10-12 m2)

0.025

0.975

0.075

0.925

0.001

0.999

0.0519

0.9481

-20.8
-21
(1.44×10 )
-19.8
-20
(1.65×10 )
-21.4
-22
(4.46×10 )
-20.3
(5.34×10-21)

-17.4
(3.96×10-18)
-16.3
(4.55×10-17)
-17.9
(1.23×10-18)
-16.8
(1.47×10-17)

a

2

Each cell has the log(k[m ]) and the corresponding value of k in parentheses.
Minimum corresponds to -2 standard deviations below the least squares fit; maximum corresponds to +2
standard deviations above the least squares fit.
b

The permeability values in Table 5 and Figure 8 are reasonable and appropriate and are
supported from several viewpoints:


From 0 to 100 years, the crushed salt is assigned a permeability range of 2×10-19 m2 to 10-12
m2, representative of the combined test results from Hurtado et al. (1997), Case et al.
(1987), and Zhang et al. (2007) for loosely consolidated ROM salt.



From 100 to 200 years, the permeability range in Table 5 encompasses a wide range of
possible outcomes, from a minimum permeability of 1.44×10-21 m2 to a maximum
permeability of 4.55×10-17 m2. This range will produce a range of hydrologic responses for
the ROM salt, from very “tight” to much “looser” in terms of brine and gas flows across
the closure. This wide range has been chosen because of the uncertainties in emplacement
of the ROM salt.



From 200 to 10,000 years, the permeability range in Table 5 represents the response of
fully compacted salt, with a minimum permeability of 4.46×10-22 m2 and a maximum
permeability of 1.47×10-17 m2. This range of values is purposefully greater than the range
for intact halite in PA, which is 10-24 m2 to 10-21 m2. The consolidation mechanisms for
moistened versus dry crushed salt are different and can lead to different degrees of
interconnected porosity and permeability for a given effective porosity. In this situation, the
very low permeability of intact salt may not be attained for thousands of years by the ROM
salt.



After 100 years, the range of permeability in Table 5 is similar to the permeability range for
material DRZ_PCS in the PABC-2009, which is 2×10-21 m2 to 1×10-17 m2 (Clayton et al.
2010), as discussed in Section 5.2 of this memorandum. The ranges of permeability after
100 years are therefore consistent with the expected response for a healed DRZ above and
below a panel closure, as represented in PABC-2009.
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5.1.3

Residual Brine Saturation and Residual Gas Saturation of ROM Salt

The residual gas saturation is the degree of gas saturation necessary to create an incipient
interconnected pathway for a porous material to be permeable to gas. The residual gas saturation
for all materials in the original shaft seal model, including crushed salt, was defined for the CCA
(DOE, 1996, Appendix PAR, Parameter 14). The residual gas saturation was based on a
literature review for consolidated geologic materials, concrete, and asphalt, and on professional
judgment. Similarly the residual brine saturation for all shaft seal materials, including crushed
salt, was defined for the CCA based on a literature review and on professional judgment (DOE,
1996, Appendix PAR, Parameter 15). The residual brine saturation and residual gas saturation of
the ROM salt in the PCS will use the same distributions as the corresponding parameters for the
crushed salt component of the shaft seals. These distributions are summarized in Table 6.
Table 6. Residual brine saturation and residual gas saturation of the ROM salt
Parameter

Distribution

PCS_T1:SAT_RBRN
PCS_T2:SAT_RBRN
PCS_T3:SAT_RBRN

Cumulative distribution:
Probability Value
0.0
0.0
0.5
0.2
1.0
0.6
Uniform distribution:
Minimum value: 0.0
Maximum value: 0.4

PCS_T1:SAT_RGAS
PCS_T2:SAT_RGAS
PCS_T3:SAT_RGAS

5.1.4

Relative Permeability Model and Capillary Pressure Model for ROM Salt

Several two phase flow models have been implemented in the BRAGFLO code, and the values
of the parameters RELP_MOD and CAP_MOD define the relative permeability model and the
capillary pressure model for a material, respectively. Most materials mapped to the BRAGFLO
grid use a modified Brooks-Corey model for relative permeability, with the exception of the
anhydrite Marker Beds and Anhydrite Layers a and b (DOE, 2009, Table PA-4), which switch
between the Brooks-Corey and Van Genuchten models for relative permeability. The two phase
flow model for the ROM salt will also use the modified Brooks-Corey model, which corresponds
to relative permeability model number 4 (i.e., RELP_MOD = 4) (DOE, 2009, footnote to Table
PA-4) and use capillary pressure model number 2 (i.e., CAP_MOD = 2), which has a fixed
maximum capillary pressure. The choice of these models is independent of the timing of the
consolidation process. Table 7 summarizes these values.
Table 7. Relative permeability model and capillary pressure model for the ROM salt
Parameters

Value

PCS_T1:RELP_MOD
PCS_T2:RELP_MOD
PCS_T3:RELP_MOD
PCS_T1:CAP_MOD
PCS_T2:CAP_MOD
PCS_T3:CAP_MOD

4 (a modified Brooks –Corey
model)
2 (fixed maximum capillary
pressure)

19

Information Only

5.1.5

Other Two Phase Flow Parameters

Table 8 identifies seven parameters for the relative permeability and capillary pressure models
for the ROM salt. All WIPP PA materials use the same values for KPT, PC_MAX, and
PO_MIN. The crushed salt materials and concrete-related materials for the original shaft seal
model use the same values and distributions for the COMP_RCK, PCT_A, PCT_EXP, and
PORE_DIS parameters shown in Table 8. The values or distribution in Table 8 will be used for
the ROM salt, independent of the time period.
Table 8. Two phase flow parameters for the ROM salt
Parameter

Description

Type

Value

COMP_RCK

Bulk Compressibility

Constant

8.0x10-11 Pa-1

KPT

Flag for permeability
determined threshold
Minimum brine pressure for
capillary model KPC=3
Maximum allowable
capillary pressure
Threshold pressure linear
parameter
Threshold pressure
exponential parameter
Brooks-Corey pore
distribution parameter

Constant

0.0 (dimensionless)

Constant

1.01325×105 Pa

Constant

1×108 Pa

Constant

0.56 Pa

Constant

-0.346 (dimensionless)

Cumulative
distribution

Probability
0.0
0.5
1.0

PO_MIN
PC_MAX
PCT_A
PCT_EXP
PORE_DIS

5.2

5.2.1

Value
0.11
0.94
8.1

Hydrologic and Pore Compressibility Parameters of the DRZ Surrounding the
ROMPCS
Porosity and Permeability of the DRZ

Initially it is expected that the DRZ around the PCS will be no different from that around the
disposal rooms, since there will be only very small back stress from the consolidating ROM salt.
Calculations for closure of panel entries and consolidation of the ROM salt have been performed
for two bounding cases: (1) ROM salt that is emplaced and compacted to 20% porosity (80%
fractional density), and (2) ROM salt that is emplaced without compaction to 35% porosity (65%
fractional density) (Herrick 2012). The results of these calculations demonstrate that the time
dependent backstress does not become appreciable until approximately 200 years after
emplacement. While the back stress is low, the state of the DRZ surrounding the PCS will be
similar to the state of the DRZ surrounding the disposal rooms, and it is appropriate to maintain
the same ranges of DRZ porosity and DRZ permeability above and below the PCS as those
around the disposal rooms during the first 200 years. Thus, the porosity of DRZ surrounding the
PCS lies between 0.0039 and 0.0548 for the first 200 years (i.e. the same porosity range
prescribed for material DRZ_1 in the PABC-2009). The permeability of the DRZ surrounding
the PCS has a range of 10-12.5 m2 to 10-19.4 m2 for the first 200 years.
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After 200 years, bacck pressuress will have built
b
up to values of thhe order of 6 to 10 MP
Pa, as
shown in
n Figures 9 and
a 10. It has
h been shown by severral authors tthat fracturess in salt willl heal
rapidly under
u
these levels of streess (e.g., IT Corporationn, 1987 and C
Costin and W
Wawersik, 1980).
For exam
mple, Costin and Wawerssik state:




Tensile fracctures in saltt will heal when
w
subjectted to nominnal overburdden pressuress (1035 MPa), to
o the extentt that the ressistance to ccrack propaggation alongg the pre-exiisting
fracture plaane is approx
ximately 70-80% of that through virggin material..
The healing
g process tak
kes place rap
pidly compaared to the tiime scale ovver which m
mining
or storage in
n salt occurss.
The princip
pal mechanissm in healin
ng appears too be creep of contact aspperities alonng the
fracture surrface.

Figu
ure 9. Verticcal back stress on the roo
of of the pannel entry for ROM salt w
with an initial
emplacem
ment porositty of 20% (fr
fractional dennsity of 80%
%) (Herrick 22012)
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Figure 10. Vertical back stress on the roof of the panel entry for ROM salt with an initial
emplacement porosity of 35% (fractional density of 65%) (Herrick 2012)
Given the values of back stress calculated for closures with some degree of emplaced
compaction, and the rapid increase of stress even for the most extreme case of salt that is
emplaced without compaction (see Figure 10), the back stress is expected to heal the DRZ
directly above and below the ROMPCS, reducing its porosity and its permeability. It is then
appropriate to assume that the porosity and permeability of the DRZ after 200 years will be
equivalent to the state of the DRZ surrounding the Option D panel closure in the PA for CRA2009 (DOE, 2009, Appendix PA) and in the PABC-2009. The porosity of the DRZ directly
above and below the Option D panel closure in the PA for CRA-2009 and in the PABC-2009 has
a minimum value of 0.0039 and a maximum value of 0.0548 at all times. The permeability of the
DRZ directly above and below the Option D panel closure has a minimum value of 2×10-21 m2
and a maximum value of 1×10-17 m2 (DOE, 2009, Appendix PA, Sections PA-4.2.8.2 and PA4.2.8.3). We have chosen that these ranges be used for the DRZ surrounding the ROMPCS after
200 years. Table 9 summarizes the ranges for porosity and permeability for the DRZ directly above
and below the ROMPCS.
The selected porosity for the DRZ directly above and below the PCS is constant at all times. After
200 years, it is reasonable to expect that the healing of the DRZ caused by increasing back stress
will reduce the DRZ porosity. A reduction in DRZ porosity should have minimal impact on the
PCS-2012 PA because sensitivity calculations have demonstrated that PA results are insensitive to
the porosity of a panel closure, and by extension to the porosity of the DRZ directly above and
below the ROMPCS (DOE 2012, Response to EPA Question 1.2b).
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Table 9. Porosity and permeability of the DRZ surrounding the PCS
Parameter

Value

Notes

DRZ_PCS_T1:POROSITY
DRZ_PCS_T2:POROSITY
DRZ_PCS_T3:POROSITY
DRZ_PCS_T1:PERMEABILITY
DRZ_PCS_T2:PERMEABILITY

0.0039 to
0.0548

Same range in the PA for CRA-2009 and the
PABC-2009 as for the DRZ (material DRZ_1)
around disposal rooms at all times.
Same permeability range in the PA for CRA2009 and PABC-2009 for the DRZ (material
DRZ_1) surrounding disposal rooms from 0 to
200 years.
Same permeability range in the PA for CRA2009 and PABC-2009 for the DRZ_PCS above
and below the Option D panel closures after
healing of the DRZ.

DRZ_PCS_T3:PERMEABILITY

5.2.2

10-19.4 m2 to
-12.5
m2
10
2×10-21 m2 to
1×10-17 m2

Two Phase Flow Parameters for Materials DRZ_PCS_T1 and DRZ_PCS_T2

During the first 200 years, while the back stress is low, the state of the DRZ surrounding the PCS
will be similar to the state of the DRZ surrounding the disposal rooms, and it is appropriate to
maintain the same values for two phase flow parameters for the DRZ directly above and below
the ROMPCS as those for the DRZ around the disposal rooms. Table 10 identifies the values for
the two phase flow parameters and their sources during the first 200 years.
5.2.3

Two Phase Flow Parameters for DRZ_PCS_T3 After 200 Years

After 200 years, the back pressure from the consolidated ROM salt is expected to heal the
fractures in the DRZ directly above and below the PCS. In this state, the DRZ above and below
the consolidated ROM salt is expected to have similar properties to the DRZ above and below
the Option D monolith in the PA for the CRA-2009 and the PABC-2009. Therefore, the two
phase flow parameters for the DRZ directly above and below the ROM salt shall be assigned the
same values and distribution as the DRZ_PCS in the PA for CRA-2009 or the PABC-2009.
Table 11 identifies the values for the two phase flow parameters and their sources after 200
years.
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Table 10. Two phase flow parameters for the DRZ directly above and below
the ROMPCS during the first 200 years
Parameter

Description

Value

Source

DRZ_PCS_T1:SAT_RBRN
DRZ_PCS_T2:SAT_RBRN
DRZ_PCS_T1:SAT_RGAS
DRZ_PCS_T2:SAT_RGAS
DRZ_PCS_T1:RELP_MOD
DRZ_PCS_T2:RELP_MOD

Residual brine saturation

0.0

Residual gas saturation

0.0

Relative permeability model
number

DRZ_PCS_T1:CAP_MOD
DRZ_PCS_T2:CAP_MOD

Capillary
number

DRZ_PCS_T1:KPT
DRZ_PCS_T2:KPT
DRZ_PCS_T1:PO_MIN
DRZ_PCS_T2:PO_MIN
DRZ_PCS_T1:PC_MAX
DRZ_PCS_T2:PC_MAX
DRZ_PCS_T1:PCT_A
DRZ_PCS_T2:PCT_A
DRZ_PCS_T1:PCT_EXP
DRZ_PCS_T2:PCT_EXP
DRZ_PCS_T1:PORE_DIS
DRZ_PCS_T2:PORE_DIS

Flag for permeability
determined threshold
Minimum brine pressure for
capillary model KPC=3
Maximum allowable capillary
pressure
Threshold pressure linear
parameter
Threshold pressure
exponential parameter
Brooks-Corey pore distribution
parameter

4 (modified
BrooksCorey
model)
1 (capillary
pressure is
unbounded)
0.0

DOE, 2009, Table PA-3
for material DRZ_1
DOE, 2009, Table PA-3
for material DRZ_1
DOE, 2009, Table PA-4
for material DRZ_1

pressure

model

1.01325x105
(Pa)
1.0x108
(Pa)
0.0
0.0
0.7

DOE, 2009, Table PA-4
for material DRZ_1
Stein,
SNL,
ERMS
520524, Table 2
Stein,
SNL,
ERMS
520524, Table 2
Stein,
SNL,
ERMS
520524, Table 2
DOE, 2009, Table PA-3
for material DRZ_1
DOE, 2009, Table PA-3
for material DRZ_1
DOE, 2009, Table PA-3
for material DRZ_1

Table 11. Two phase flow parameters for the DRZ directly above and below the ROMPCS after
200 years
Parameter

Description

Value

Source

DRZ_PCS_T3:SAT_RBRN

Residual brine saturation

0.0

DRZ_PCS_T3:SAT_RGAS

Residual gas saturation

0.0

DRZ_PCS_T3:RELP_MOD

Relative permeability model
number

DRZ_PCS_T3:CAP_MOD

Capillary
number

DRZ_PCS_T3:KPT

Flag for permeability
determined threshold
Minimum brine pressure for
capillary model KPC=3
Maximum allowable capillary
pressure
Threshold pressure linear
parameter
Threshold pressure
exponential parameter
Brooks-Corey pore distribution
parameter

4 (modified
BrooksCorey
model)
1 (capillary
pressure is
unbounded)
0.0

DOE, 2009, Table PA-3
for material DRZ_PCS
DOE, 2009, Table PA-3
for material DRZ_PCS
DOE, 2009, Table PA-4
for material DRZ_PCS

DRZ_PCS_T3:PO_MIN
DRZ_PCS_T3:PC_MAX
DRZ_PCS_T3:PCT_A
DRZ_PCS_T3:PCT_EXP
DRZ_PCS_T3:PORE_DIS

pressure

24

model

1.01325x105
(Pa)
1.0x108
(Pa)
0.0
0.0
0.7

DOE, 2009, Table PA-4
for material DRZ_PCS
Stein,
SNL,
ERMS
520524, Table 2
Stein,
SNL,
ERMS
520524, Table 2
Stein,
SNL,
ERMS
520524, Table 2
DOE, 2009, Table PA-3
for material DRZ_PCS
DOE, 2009, Table PA-3
for material DRZ_PCS
DOE, 2009, Table PA-3
for material DRZ_PCS
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6.0

Summary

The DOE has submitted a planned change request to the EPA proposing that a revised panel
closure design be approved for use in all WIPP waste panels. Panel closures are emplaced in the
WIPP to protect workers during the operational phase of the facility. They are represented in PA
because they are a significant physical feature of the repository. Long-term repository
performance has been repeatedly shown to be insensitive to panel closure material properties.
The revised panel closure design proposed by the DOE is comprised of 100 feet of run-of-mine
salt with barriers at each end. A performance assessment named the PCS-2012 PA is planned to
quantify regulatory compliance impacts resulting from the incorporation of the new closure
design in the repository. PA materials, properties, and timings are developed to allow for
modeling of the revised panel closure system in the PCS-2012. These parameter choices are
reasonable values that will adequately represent the PCS within PA, and are based on sound
science, modeling, and external data sources where available.
7.0
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