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ABSTRACT 

The U.S. Department of Energy plans to dispose of transuranic waste at the Waste Isolation Pilot 
Plant (WIPP), which is sited in southeastern New Mexico. The WIPP disposal facility is located 
approximately 2150 feet (650 m) below surface in the bedded halite of the Salado Formation. 
Prior to initiation of disposal activities, the Department of Energy must demonstrate that the 
WIPP will comply with all regulatory requirements. Applicable regulations require that 
contaminant releases from the WIPP remain below specified levels for a period of 10,000 years. 
To demonstrate that the WIPP will comply with these regulations, the Department of Energy has 
requested that Sandia National Laboratories develop and implement a comprehensive 
performance assessment of the WIPP repository for the regulatory period. 

This document presents the conceptual model of the shaft sealing system to be implemented in 
performance assessment calculations conducted in support of the Compliance Certification 
Application for the WIPP. The model was developed for use in repository-scale calculations and 
includes the seal system geometry and materials to be used in grid development as well as all 
parameters needed to describe the seal materials. These calculations predict the hydrologic 
behavior of the system. Hence conceptual model development is limited to those processes that 
could impact the fluid flow through the seal system. 



ACKNOWLEDGMENTS 

This work was supported by the U.S. Department of Energy under contract 
DE-AC04AL85000. Sandia is a miultiprogram laboratory operated by Sandia Corporation, a 
Lockheed Martin company, for the U.S. Department of Energy. 

11 



CONTENTS 

1.0 Introduction ......................................................................................................................... 1-1 
1.1 

1.2 

1.3 

WIPP Shaft Sealing System ....................................................................................... 1-1 
1.1.1 Site Setting ..................................................................................................... 1-1 
1.1.2 WIPP Shaft Sealing System ........................................................................... 1-2 

1.1.2.1 Shaft Station Monolith .................................................................... 1-2 
1.1.2.2 Clay Columns ................................................................................. 1-2 
1.1.2.3 Concrete-Asphalt Waterstop Components ..................................... 1-4 
1.1.2.4 Compacted Crushed Salt Column ................................................... 1-4 
1.1.2.5 Asphalt Column .............................................................................. 1-4 
1.1.2.6 Concrete Plugs ................................................................................ 1-4 
1.1.2.7 Earthen Fill ..................................................................................... 1-4 

Conceptual Model of WIPP Shaft Sealing System .................................................... 1-4 
1.2.1 Summary of Previous Conceptual Models .................................................... 1-5 
1.2.2 Detailed Conceptual Models .......................................................................... 1-5 
1.2.3 Compliance Application Model of the Shaft Sealing System ....................... 1-6 
Conceptual Model Parameters ................................................................................... 1-6 
1.3.1 Saturated Flow Parameters ............................................................................ 1-8 
1.3.2 Disturbed Rock Zone ..................................................................................... 1-8 
1.3.3 Two-Phase Flow Parameters ......................................................................... 1-9 
1.3.4 Time-Dependent Properties ........................................................................... 1-9 

2.0 Saturated Flow Properties and Initial Conditions ............................................................... 2-1 

2.1.1 Material Specifications .................................................................................. 2-1 

2.1.2.1 Parameter Sources ........................................................................... 2-2 
2.1.2.2 Rationale and Parameter Value ....................................................... 2-5 

2.1.3.1 Parameter Sources ......................................................................... 2-18 
Rationale and Parameter Value ..................................................... 2-18 

2.1.4 Pore-Volume Compressibility ..................................................................... 2-18 
Initial Wetting Phase Saturation .................................................................. 2-21 

2.2 Compacted Clay ....................................................................................................... 2-22 
2.2.1 Material Specifications ................................................................................ 2-22 
2.2.2 Intrinsic Permeability ................................................................................... 2-22 

2.1 Compacted Crushed Salt ............................................................................................ 2-1 

2.1.2 Intrinsic Permeability ..................................................................................... 2-2 

2.1.3 Porosity ........................................................................................................ 2-17 

2.1.3.2 

2.1.5 

2.2.2.1 Parameter Sources ......................................................................... 2-22 
2.2.2.2 Rationale and Parameter Value ..................................................... 2-31 

2.2.3 Porosity ........................................................................................................ 2-33 

Rationale and Parameter Value ..................................................... 2-33 
2.2.3.1 Parameter Sources ......................................................................... 2-33 

2.2.4 Pore-Volume Compressibility ..................................................................... 2-33 
Initial Wetting Phase Saturation .................................................................. 2-34 

2.2.3.2 

2.2.5 

... 
111 



CONTENTS (Continued) 

2.3 

2.4 

2.5 

Salado Mass Concrete .............................................................................................. 2-34 
2.3.1 Material Specifications ................................................................................ 2-34 
2.3.2 Intrinsic Permeability ................................................................................... 2-34 

2.3.2.1 Parameter Sources ......................................................................... 2-35 
2.3.2.2 :Rationale and Parameter Value ..................................................... 2-36 

2.3.3 Porosity ........................................................................................................ 2-40 
2.3.3.1 :Parameter Sources ......................................................................... 2-40 
2.3.3.2 :Rationade and Parameter Value ..................................................... 2-42 

2.3.4 Pore-Volume Compressibility ..................................................................... 2-42 
2.3.4.1 :Parameter Sources ......................................................................... 2-42 
2.3.4.2 IRationade and Parameter Value ..................................................... 2-43 
Initial Wetting Phase Saturation .................................................................. 2-43 

Asphalt ..................................................................................................................... 2-44 
2.4.1 Material !Specifications ................................................................................ 2-44 
2.4.2 Intrinsic Permealxlity ................................................................................... 2-45 

2.4.2.1 :Parameter Sources ......................................................................... 2-45 
2.4.2.2 1Rationade and Parameter Value ..................................................... 2-47 

2.4.3 Porosity ......................................................................................................... 2-49 
2.4.4 Pore-Volume Colmpressibility ..................................................................... 2-49 

Initial Wetting Phase Saturation .................................................................. 2-49 
Compacted Earthen Fill ........................................................................................... 2-50 
2.5.1 Material !Specifications ................................................................................ 2-50 
2.5.2 Intrinsic Permeability ................................................................................... 2-50 

2.5.2.1 Parameter Sources .......................................................................... 2-50 
2.5.2.2 Rationale and Parameter Value ..................................................... 2-51 

2.5.3 Porosity ......................................................................................................... 2-53 
2.5.4 Pore-Volume Cotmpressibility ..................................................................... 2-53 

Initial Wetting Phase Saturation .................................................................. 2-53 

2.3.5 

. .  

2.4.5 

2.5.5 

3.0 Two-Phase Flow Properties ................................................................................................ 3-1 
3.1 Model Review ............................................................................................................ 3-1 
3.2 Parameter Estimates ................................................................................................... 3-4 

3.2.1 Threshold Pressure ......................................................................................... 3-4 
3.2.1.1 Parame:ter Sources ........................................................................... 3-4 
3.2.1.2 Parame:ter Value .............................................................................. 3-6 

3.2.2 Residual Saturation ........................................................................................ 3-6 
3.2.2.1 Parame:ter Sources ........................................................................... 3-6 
3.2.2.2 Parame:ter Value .............................................................................. 3-6 

3.2.3.2 Parame:ter Value ............................................................................ 3-15 

3.2.3 Pore-Size Distribution Index ......................................................................... 3-9 
3.2.3.1 Parame:ter Sources ........................................................................... 3-9 

3.3 Comparison of R.ecomlended Two-Phase Flow Parameters to Previously 
Used Values ............................................................................................................. 3-17 

iv 



CONTENTS (Continued) 

4.0 

5.0 

6.0 

7.0 

Disturbed Rock Zone .......................................................................................................... 4-1 
4.1 Description of the DRZ .............................................................................................. 4-1 
4.2 DRZ Permeability and Extent .................................................................................... 4-2 

4.2.1 Parameter Sources .......................................................................................... 4-2 
4.2.1.1 Field Data ........................................................................................ 4-2 

4.2.2 Rationale and Parameter Value ...................................................................... 4-3 
Implementation of DFZ Parameters into the Conceptual Model .............................. 4-6 

4.2.1.2 Laboratory Data .............................................................................. 4-3 

4.3 

SU mmary ............................................................................................................................. 5-1 
5.1 Saturated Flow Parameters and Initial Conditions .................................................... 5-1 
5.2 Two-Phase Flow Parameters ..................................................................................... 5-1 
5.3 Disturbed Rock Zone ................................................................................................. 5-4 
5.4 Conclusions ................................................................................................................ 5-5 

Quality Assurance ............................................................................................................... 6-1 

References ........................................................................................................................... 7-1 

APPENDIX A . Memoranda Regarding Reference Data ............................................................ A- 1 

V 



1-1 
1-2 
2- 1 
2-2 

2-3 

2-4 

2-5 

2-6 

2-7 

2-8 

2-9 
2-10 

2-1 1 
2-12 
2-13 

2-14 

2-15 

2-16 

2-17 
2-18 
2- 19 
3- 1 
3-2 
3-3 

3-4 
3-5 
3-6 

FIGURES 

Proposed seal design for the: WIPP Air Intake Shaft ....................................................... 1-3 
Stratigraphy and conceptual framework for the Air Intake Shaft seal system ................. 1-7 

compacted crushed salt column ....................................................................................... 2-9 

Permeability versus  dry fractional density for WJPP crushed salt ................................... 2-5 
Measured and predicted permeability versus dry fractional density for the 

Fractional density as a function of time for the compacted crushed salt column at 
430. 5 15. and 600 m depth below ground surface ......................................................... 2-11 
Permeability CDF for compacted crushed salt column at a depth of 5 15 m bgs and a 
time after seal emplacement . of 0 yrs ............................................................................. 2-15 
Permeability CDF for compacted crushed salt column at a depth of 5 15 m bgs and a 
time after seal emplacement of 50 yrs ........................................................................... 2-15 
Permeability CDF for compacted crushed salt column at a depth of 5 15 m bgs and a 
time after seal empla.cement of 1 0 0  yrs ......................................................................... 2-16 
Permeability CDF far compacted crushed salt column at a depth of 515 m bgs and a 
time after seal emplacement of 200 and 400 yrs ............................................................ 2-16 
Porosity versus time for the compacted crushed salt column at a depth of 
515 m bgs ....................................................................................................................... 2-19 
Compacted bentonite permeabilities for samples with 2 50% bentonite content .......... 2-30 
Relationship between compacted sodium bentonite intrinsic permeability and clay 
sample density ................................................................................................................ 2-30 
Sodium bentonite permeabillity versus density .............................................................. 2-31 
Cumulative frequency distribution function for compacted bentonite .......................... 2-32 
Permeability versus l~ressurc: difference determined from laboratory testing of SMC 
and SSSPT concretes ..................................................................................................... 2-37 
Experimental frequency histogram and log triangular PDF for permeability of SMC 
concrete - laboratory data only ....................................................................................... 2-38 
Experimental frequency histogram and log triangular PDF for permeability of SMC 
concrete. upper bound relaxed to account for uncertainty in concrete-salt interface ..... 2-39 
Experimental cumuliitive frequency and log triangular CDF for permeability of 
SMC concrete ................................................................................................................ 2-39 
Asphalt column pernieability cumulative frequency distribution function ................... 2-49 
Representative range of intrinsic permeability for silty and clayey sands ..................... 2-52 
Cumulative frequency distribution function for earthen fill .......................................... 2-52 
Threshold displacement pressure curve (after Pihlajavaara. 199 1) ................................. 3-5 
Residual liquid saturation dj stribution by geologic material ........................................... 3-8 
Frequency histogram and cumulative frequency histogram of h values found in the 
literature ......................................................................................................................... 3-15 
Cumulative distribution function for h values found in the literature ........................... 3-16 
Lambda distribution by geollogic material ..................................................................... 3-16 
Log cumulative h data standardized compared to the Lilliefors bounds and the 
cumulative standard normal distribution ....................................................................... 3-18 

vi 



FIGURES (Continued) 

4- 1 
4-2 
4-3 
4-4 

4-5 

4-6 
4-7 
4-8 

Permeability versus dilatant volumetric strain for WIPP salt .......................................... 4-4 
PDF for DRZ skin permeability (ki) immediately following seal emplacement .............. 4-5 
CDF for DRZ skin permeability (ki) immediately following seal emplacement ............. 4-5 
Normalized DRZ radius versus depth and time for salt adjacent to compacted 
clay seals .......................................................................................................................... 4-7 
Normalized DRZ radius versus depth and time for salt adjacent to compacted 
crushed salt ...................................................................................................................... 4-7 
Normalized DRZ radius versus depth and time for salt adjacent to asphalt .................... 4-8 
Log-linear model for the calculation of an effective permeability of the DRZ ............. 4-11 
Composite seaVDRZ permeability calculation methodology ........................................ 4- 12 

vii 



TABLES 

2- 1 
2-2 

2-3 

2-4 

2-5 

2-6 
2-7 

2-8 
2-9 
2- 10 
2-1 1 
2-12 
2-13 

2-14 
2-15 
2-16 
3- 1 

3 -2 
3-3 
4- 1 
4-2 
4-3 

4-4 

4-5 
4-6 
5- 1 
5-2 
5-3 
5-4 
5-5 
5 -6 

Summary of Permeability Measurements for WIPP Crushed Salt .................................. 2-4 
Fractional Density of Crushed Salt for Different Values of Both A2 and Time after 
Seal Emplacement ......................................................................................................... 2-11 
Reference Engineering and Lower and Upper Bound Permeabilities for Compacted 
Crushed Salt at 0 and 50 Yrs after Seal Emplacement .................................................. 2-13 
Reference Engineering and Lower and Upper Bound Permeabilities for Compacted 
Crushed Salt at 100, 200, and 400 Yrs after Seal Emplacement ................................... 2-14 
Parameters of the Log Triangular Distribution Functions for Permeability of 
Compacted Crushed Salt for Times of 0,50. 100.200, and 400 Yrs after Seal 
Emplacement ................................................................................................................. 2-17 
Best Estimators for F’orosity of Compacted Crushed Salt ............................................. 2-19 
Reported Literature Values of Hydraulic Conductivity and Permeability for 
Compacted Bentonite ..................................................................................................... 2-23 
Calculated Permeability Values for Compacted Bentonite ........................................... 2-27 
Summary of Gas Permeabili.ty Measurements for SMC and SSSPT Concretes ............ 2-36 
Log Triangular Distr.ibution Function Parameters for SMC Permeability .................... 2-40 
Summary of Air Entrainment for “Green” SMC ........................................................... 2-41 
Summary of Air Entrainment for Cast SMC Monoliths ................................................ 2-41 
Summary of Elastic ]?roperties for Salado Mass Concrete Determined from 
Laboratory Tests ............................................................................................................ 2-44 
Literature Hydraulic Conductivity Values for Asphalt .................................................. 2-48 
Reference Properties for Co:mpacted SM and SC Soils ................................................. 2-50 
Reported Hydraulic Conductivity for Silty and Clayey Sands ....................................... 2-51 
Literature Values of :Residual Liquid Saturations for Geologic Material and 
Concrete . i ......................................................................................................................... 3-7 
Literature Values of :h for Gleologic Materials ............................................................... 3-10 
Comparison of Parameter Values .................................................................................. 3-18 
Summary of Field Test DRZ Data ................................................................................... 4-3 
Log Triangular Distribution Function Parameters for DRZ Skin Permeability (ki) ........ 4-4 
Normalized DRZ Radius as a Function of Depth and Time for Upper and Lower 
Compacted Clay Seals ..................................................................................................... 4-8 
Normalized DRZ Radius as a Function of Depth and Time for Compacted Crushed 
Salt Seal ............................................................................................................................ 4-9 
Normalized DRZ Radius as a Function of Depth and Time for the Asphalt Seal ........... 4-9 
Extent of the DRZ in  . Terms of Normalized Radius at Mid-Height of Component ...... 4-10 
Seal Materials, Uncertainty Sources, and Redundant Components ................................. 5-2 

Bentonite Compacted Clay Parameters (Components 4, 8. and 12) ................................ 5-3 
Salado Mass Concrete Parameters (Components 2, 5, 7, 9, and 11)  ............................... 5-3 

Reconsolidated Salt :Parameters (Component 10) ........................................................... 5-2 

Asphalt Parameters (Component 6) ................................................................................. 5-4 
Earthen Fill Parameters (Components 1 and 3) ............................................................... 5-4 

... 
V l l l  



5-7 

5-8 
6- 1 

TABLES (Continued) 

Capillary Pressure and Relative Permeability Model BRAGFLO Parameters for 
Compacted Clay. Concrete. Reconsolidated Salt. Asphalt. and Earthen Fill .................. 5-5 
Salt DRZ BRAGFLO Parameters (Zones 1 through 4) ................................................... 5-5 
Contractors for Conceptual Model Development ............................................................ 6-1 

I 

ix 



ACRONYMS 

A I S  
AMM 

CCA 
CDF 
DOE 
DRZ 
ESC 
FAA 
HMAC 
LHS 
MDCF 
PA 
PDF 
PNL 
QA 
QED 
RCRA 
SMC 
SNL 
SPM 
sssm 
USDA 
WES 
WIPP 

bgs 

air intake shaft 
asphalt-mastic mix 
below ground surface 
Compliance Certification Application 
cumulative distribution function 
U.S. Department of Energy 
disturbed rock zone 
expansive sal t-saturated concrete 
fluid-applied asphalt 
hot-mix asphiilt concrete 
Latin hypercube sample 
Multi-Deformation Coupled Fracture 
performance assessment 
probability distributilon function 
Pacific North west National Laboratories 
quality assurance 
Qualification of Existing Data 
Resource Coriservation and Recovery Act 
Salado mass concrete 
Sandia National Laboratories 
Systems Prioritization Method 
Small Scale Seal Performance Tests 
United States Department of Agriculture 
Waterways Experiment Station 
Waste Isolation Pilot Plant 

X 



1 .o INTRODUCTION 

The U.S. Department of Energy (DOE) plans to dispose of transuranic waste at the Waste 
Isolation Pilot Plant (WIPP), which is sited in southeastern New Mexico. The WIPP disposal 
facility is located approximately 650 m (2150 feet) below the surface in the bedded halite of the 
Salado Formation. Prior to initiation of disposal activities, the DOE must demonstrate that the 
WIPP will comply with all regulatory requirements. The applicable regulations require that 
contaminant releases from the WIPP remain below specified levels for a period of 10,OOO years. 
To demonstrate that the WIPP will comply with these regulations, the DOE has requested that 
Sandia National Laboratories (SNL) develop and implement a comprehensive performance 
assessment (PA) of the WIPP repository for the regulatory period. 

The PA process begins with the development of conceptual models that describe the 
repository behavior. Mathematical relationships are derived to model the waste and waste 
behavior, mass transport, and mechanical and hydrologic responses of the disposal regions. 
Engineered barriers, such as panel closures and shaft seals, are modeled as part of the disposal 
system. Implementation of a conceptual model as a numerical model is the next step in the PA 
process. The relevant equations are discretized, and a grid is developed from the system 
geometry. Finally, parameters are defined that apply to the material properties of the modeled 
region and to numerical values specific to computer codes selected to simulate system behavior. 
A detailed description of previous PA models and results can be found in the 1992 Preliminary 
Performance Assessment (WIPP PA, 1992-1993). 

This document presents the conceptual model of the shaft sealing system to be 
implemented in PA calculations conducted in support of the Compliance Certification 
Application (CCA) for the WIPP (U.S. DOE, 1996). The model was developed for use in a 
repository-scale, multi-phase flow calculation and includes the seal system geometry and 
materials to be used in grid development, as well as all parameters needed to describe the seal 
materials. 

1.1 WIPP Shaft Sealing System 

1.1.1 Site Setting 

The WIPP underground repository is situated in the Salado Formation, which consists of 
an approximate 600-m sequence of bedded evaporites. The principal stratigraphic units 
overlying the Salado Formation are the Dewey Lake Redbeds and the Rustler Formation. The 
Dewey Lake Redbeds begin 15 to 30 m below the surface and consist of alternating layers of 
sandstone and siltstone. The Rustler Formation lies below the Dewey Lake Redbeds and is 
comprised primarily of anhydrite and dolomite layers. The Culebra and Magenta dolomite 
members of the Rustler Formation are the only known sources of groundwater in the WIPP 
repository vicinity. Neither member comprises a significant groundwater source. 
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The Salado Formation consists of a Permian-age evaporite sequence and lies below the 
Rustler Formation. It is largely composed of halite, with intermittent occurrences of polyhalite, 
clay, glauberite, and anhydrite. These lithologic layers are nearly horizontal at the WIPP 
repository horizon. The Saliido Formation exhibits very low permeability to brine 
the intact rock) and is essentially impermeable to gas. Several of the thicker layers of Salado 
anhydrites have been designated as “marker beds.” These layers are more transmissive than the 
halitic sequences but still exhibit very low permeabilities (<10-17 m2). 

m2 for 

Excavation of underground openings creates a stress difference that is maximal at the free 
surface. The WIPP repository lithologies exhibit rock deformation behavior that ranges from 
brittle to ductile. Because of salt’s (ductile nature, the stress differences induce creep behavior in 
salt. Over time, the creep process of the salt is expected to result in encapsulation and permanent 
isolation of waste disposed in an excavation. During the interim period, however, the stress 
difference leads to microfracturing, which alters the mechanical and hydrologic properties of the 
rock. The change that can significantly impact seal system performance relates to the increasing 
permeability associated with microfracturing. The zone of rock that experiences microfracture is 
known as the disturbed rock zone (DRZ), and it represents a potential fluid migration pathway. 

The WIPP shaft sealmg system was designed to take advantage of the creep behavior of 
the Salado salt beds and also to mitigate the impact of the DRZ. Issues specific to these 
behaviors are discussed in the next section. 

1 .I .2 WIPP Shaft Sealing System 

The shaft sealing system, shown schematically in Figure 1-1, consists of 13 elements that 
completely fill the shaft with low permeability materials. The Salado Formation components 
provide the primary barrier 1.0 fluid transport along the shaft. The Rustler Formation components 
limit fluid communication of the water-bearing Culebra and Magenta members of the formation. 
Components from the Rustler Formiation to the surface fill the shaft with high density soils, 
consistent with good engineering practice. The various types of components are briefly described 
below. 

1.1.2.1 SHAFT STATION MOiNOLITH 

At the bottom of each shaft, a concrete monolith supports the local roof and overlying 
components. This monolith is to be: constructed using a salt-saturated concrete, Salado Mass 
Concrete (SMC), developed for use: at the WIPP. The function of the monolith is to provide 
support for components constructed above it. 

1.1.2.2 CLAY COLUMNS 

Three columns of densely clompacted clay are included in the seal design: the lower 
Salado column, the upper Siilado column, and the Rustler column. The clay is designed to have a 
minimum density of 1800 kg/m3 and will have an initial moisture content of approximately 10 to 
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Depth 
0 

17 m 
(56 ft) 

162 m 
(530 ft) 

256 m 
(840 ft) 

655 m 
(2150 ft 

Near-surface Units 

Dewey Lake 
Redbeds 

Rustler 
Formation 

Salado 
Formation 

1 

Sealing System Components 

1. Earthen fill 

2. Concrete plug 

3. Earthen fill 

4. Rustler compacted clay column 

5 .  Concrete plug 

6. Asphalt column 

7. Upper concrete-asphalt waterstop 

8. Upper Salado compacted clay column 
- 

9. Middle concrete-asphalt waterstop 

10. Compacted salt column 

11. Lower concrete-asphalt waterstop 

12. Lower Salado compacted clay column 

13. Shaft station monolith 
TRI-612 1-320-4 

Figure 1 - 1. Proposed seal design for the WIPP Air Intake Shaft. 
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12%. The clay columns are designed to provide an immediate, permanent barrier to both gas and 
liquid transport. 

1.1.2.3 CONCRETE-ASPHALT WATERSTOP COMPONENTS 

Concrete-asphalt wa.terstop components include three elements: an upper SMC plug, a 
central asphalt waterstop, and a lovier SMC plug. The asphalt used in the waterstop is AR-4000, 
a graded asphalt of intermediate viscosity. Three such components are located in the Salado 
Formation. These compone:nts provide independent shaft cross section and DRZ seals that are 
designed to provide immediate banriers to both gas and liquid transport. 

1.1.2.4 COMPACTED CRUSHED SALT COLUMN 

The shaft seal system includes a 170-m long column of dynamically compacted crushed 
Salado salt. The Compacted salt will have an initial porosity of approximately 10% and is 
designed to reconsolidate because of creep closure of the surrounding Salado salt. The salt 
column is located near the bottom of the shaft to achieve the most rapid consolidation of the 
compacted salt. As the consolidation process continues, the permeability of the salt component 
is designed to reach sufficiently low values to comprise a permanent and essentially impermeable 
barrier to fluid and contaminant transport through the shafts. 

1.1.2.5 ASPHALT COLUMN 

An asphalt-mastic nux (AMM) is specified for the asphalt column, which bridges the 
Rustler/Salado contact. The AMM: is a mixture of asphalt, sand, and hydrated lime. The asphalt 
component is designed as a permanent redundant barrier to fluid flow. 

1.1.2.6 CONCRETE PLUGS 

A concrete plug is located just above the asphalt column, and another is located near the 
surface. These plugs are designed to provide additional support during the seal construction 
process. 

1.1.2.7 EARTHEN FILL 

The shaft above tile Rustler formation is filled with locally available compacted earthen 
fill. The fill will be dynamically compacted to a bulk density approximating that of the 
surrounding media ( 1800 to 2200 kg/m3). 

1.2 Conceptual Model of WlPP Shaft Sealing System 

The conceptual model of the shaft sealing system used by PA analysts reflects the general 
characteristics and behavior of the detailed seal system design. PA calculations are intended to 
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predict the behavior of the complete repository system over a period of 10,000 years. Consistent 
with this intent, the PA conceptual model of the shaft sealing system does not attempt to identify 
the detailed processes that occur within individual seal components. Detailed conceptual models 
of the shaft sealing system designs have been developed to assist in the design and hydrologic 
assessment of individual seal components (RISD, 1996). This section summarizes conceptual 
models previously used by PA, describes those used to perform detailed hydrologic design 
evaluations of shaft sealing systems, and presents the conceptual model used in the WIPP CCA 
calculations. 

1.2.1 Summary of Previous Conceptual Models 

The Initial Reference Seal System Design (Now& et al., 1990) proposed a sealing 
strategy that utilized short-term cementitious components and long-term compacted crushed salt 
components. This strategy was incorporated into PA models as one or two regions of the 
simulated sealing system, which were given uniform but time-dependent properties (WIPP PA, 
1991-1992; 1992-1993). The four WIPP shafts were modeled as a single shaft, maintaining the 
area and volume of the four shafts. Seal design changes and refinements were implemented 
through variation of the lumped seal geometry and properties. A baseline conceptual model of 
the shaft sealing system was presented as part of the Systems Prioritization Method (SPM) 
(Prindle et al., 1996). This model divided the seal system into upper and lower sealing units 
separated by a “shaft” component. Calculations conducted in support of the SPM confirmed that 
low permeability materials were required in the shafts to limit contaminant transport through the 
sealed shaft. Uncertainty in the performance of the short-term and long-term sealing concepts 
proposed in the Initial Reference Seal System Design was addressed through the development of 
a robust seal design, the performance of which does not rely on short-term and long-term 
barriers. This design is termed the WIPP Shaft Sealing System Design and is documented in 
U.S. DOE (1995) and RISD (1996). 

’ 

1.2.2 Detailed Conceptual Models 

The lumped systems modeled by PA were considered adequate for simulation of the 
general behavior of the sealing system, but did not resolve the detailed behavior of the individual 
components. This resolution was necessary to demonstrate the performance capabilities of the 
new seal system design. For example, evaluation of long-term salt components is coupled to the 
performance of other seal components. The reconsolidation process will slow significantly if the 
pore space in the salt components prematurely resaturates with brine. Models developed for PA 
could not adequately evaluate the processes likely to affect salt consolidation. In addition, the 
processes governing flow through the seal components and the D E  were not well understood. 
Consequently, detailed models for the design evaluations of the individual seal components and 
the complete system design were developed concurrently with the new seal system design (RISD, 
1996). Information derived from these modeling studies led to the recognition that coupling of 
the mechanical and hydrological processes governing fluid flow through the sealed WIPP shafts 
will affect system performance. Detailed studies have addressed these coupled behaviors, and 
have provided assurance that the seal system design will perform as it is intended (RISD, 1996). 
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The level of detail inherent in these studies facilitated the development of the conceptual model 
needed to assess repository-scale ptxformance issues. 

1.2.3 Compliance Applicationi Model of the Shaft Sealing System 

Evaluation of the shaft seal system on a repository scale required development of a 
conceptual model which was intermediate in detail relative to the lumped models used previously 
and those used to assess individual component performance. The four shafts were still modeled 
as a single shaft. The conceptual framework for the model is shown in Figure 1-2. Some 
adjustments to stratigraphy and depth were made to accommodate the final stratigraphic layers 
selected for the WIPP model. Consistent with the sealing strategy, the shaft station monoliths 
were assigned properties of “fill material.” Components overlying the monolith correlate with the 
actual seal design, with seal component columns retaining the lengths presented for the Air 
Intake Shaft system (U.S. DOE, 1995). Slight differences will exist for the other three shafts 
because of variations in stratigraphy, but these differences are assumed to be minor. The effects 
of the DRZ were incorporated into the model, but it did not include details of seal materiaVDRZ 
interactions. These issues are addressed by detailed modeling studies discussed in Section 1.2.2. 

The conceptual model of the shaft sealing systems provided for the WIPP CCA (U.S. 
DOE, 1996) takes advantage of a dlesign strategy that uses multiple components and materials for 
each sealing function. This strategy provides assurance that the system will fulfill all sealing 
functions. Previous seal system delsigns did not provide this assurance. It was therefore 
necessary to include the probability of system failure into the seal material properties utilized in 
the lumped models. The redundancy of function provided by the compliance application shaft 
sealing system design eliminates the need to consider system failure and thus reduces the 
uncertainty associated with the performance of any given material. 

1.3 Conceptual Model Parameters 

Parameters specific to the seal conceptual model included intrinsic material properties, 
the initial state of the seal components, and parameters that quantify fluid flow when both gas 
and liquid phases are present. The time-dependent creep behavior of the salt and limited service 
period of cementitious seal .material resulted in transient parameter specification for some of the 
seal parameters. Uncertainty exists in the intrinsic properties, two-phase flow parameters, and 
time-dependent response of the system and is characterized by the range in the parameters. 
Sources of uncertainty include limitations on availability of relevant data, unresolved issues 
related to physical processes (such as salt creep and chemical effects), and uncertainties regarding 
construction methods. The parameter development process for the seal conceptual model 
utilized the most current information on material properties and processes and sought consistency 
with the material specifications imposed by the seal system design document (RISD, 1996). This 
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Figure 1-2. Stratigraphy and conceptual framework for the Air Intake Shaft seal system. 
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approach is consistent with good engineering practice and served to reduce the parameter 
uncertainty. 

The PA process utilized a Latin Hypercube Sample (LHS) method to sample parameter 
values and to ensure that uncertaint:y in critical parameters was incorporated into the analysis. 
The LHS method involves selection over the uncertainty range of those parameters deemed 
significant. The selection of significant parameters was based on prior sensitivity studies and 
assumptions made by the PA analysts. The development of the parameters for the seal 
conceptual model considered existing PA sensitivity studies, engineering judgment by the seal 
system design team, and results of detailed modeling studies. Where available, standard values 
and reliable data for material parameters were applied. In other instances, engineering values 
were developed using professional -iudgment. 

1.3.1 Saturated Flow Paramet:ers 

Results of PA calcuLations (WIPP PA, 1992-1993) demonstrated that contaminant 
transport is sensitive to the intrinsic permeability of the seal materials. Uncertainty in seal 
material permeabilities is quantified through the development of probability distribution 
functions (PDFs) for these parameters. Although the seal design completely fills the shaft with 
low permeability materials, no credit is taken for the sealing ability of the shaft station monolith 
at the base of the shafts and the earthen fill at the top. The intrinsic permeabilities of the asphalt 
column, SMC, compacted clay, and. compacted crushed salt are considered sufficiently 
significant and influential such that PDFs are developed for these parameters. 

PA sensitivity calculations have shown that fluid flow from the repository is not impacted 
by the porosity, compressibility, anld initial conditions of the seal materials. Although some 
uncertainty exists in these p;uamete:rs, it was assumed that the purposes of PA are adequately met 
through provision of engineering values for these parameters. 

1.3.2 Disturbed Rock Zone 

The creep processes resulting in the formation of a DRZ around open excavations in salt 
also act to reverse the damage when the opening is sealed. The damage process is governed by 
stress differences in the formation, ,which vary with time and depth. Consequently, the damage 
extent, in terms of both formation piermeability and radial penetration into the formation, depends 
on a number of factors. This variation in DRZ damage and healing has been captured by 
coupling field data, numerical modeling, and professional judgment. Uncertainty in the approach 
must be incorporated into the PA conceptual model; this has been implemented through 
development of relevant PDFs and deterministic calculations of the effect of the DRZ. 

For salt intervals containing, both seal materials and an adjacent DRZ, composite 
permeabilities were developed specifically for use in PA calculations. These composite values 
were calculated from the seal material permeabilities given in Section 2.0. The DRZ 
permeabilities are developed in Section 4.0. The process used to calculate these composite 
values is described in detail in Section 4.3. 
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1.3.3 Two-Phase Flow Parameters 

The initially unsaturated state of the seal components and the probability of waste gas 
generation by the disposed waste necessitate quantification of two-phase flow behavior. Current 
two-phase-flow conceptual models require experimental derivation of specified parameters. 
Derivation of these parameters over the range of conditions expected to exist within the seal 
materials is a formidable task. However, PA sensitivity studies (WIPP PA, 1992-1993) have 
shown that repository performance is not significantly affected by uncertainty in these 
parameters. Engineering approximations for the two-phase flow parameters of the seal materials 
are assumed acceptable for this application. 

1.3.4 Time-Dependent Properties 

Permeability of the crushed salt column and the DRZ will exhibit time-dependent 
behaviors. Incorporation of the uncertainty in intrinsic material properties, host rock response, 
and transient behavior of the individual seal components would require sampling over a large 
number of parameters. The mechanisms that govern temporal values of the seal materials and 
associated DRZ are relatively well understood by the seal system design team. This knowledge 
has been incorporated into the PDF development process through the use of engineering 
judgment. Details of this approach are presented within the relevant sections of this report. 
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2.0 SATURATED FLOW PARAMETERS AND 
INITIAL CON DlTlONS 

This section documents the rationale and specifies values for the saturated flow 
parameters and the initial hydrologic conditions recommended for use in PA compliance 
calculations for the shaft seal materials. The saturated flow parameters are the intrinsic 
permeability, the porosity, and the pore-volume compressibility. The initial conditions are the 
pore pressure and the wetting-phase (brine) saturation in the seal system at closure. The initial 
pressures for all of the seal components at closure were assumed to be atmospheric. The 
saturated flow parameters and initial conditions for the seal materials were developed 
independently of any DRZ parameters adjacent to the seal materials. The specifications given for 
each material are those designated for the shaft sealing system design (RISD, 1996). 

2.1 Compacted Crushed Salt 

The use of crushed salt as a sealing material within salt formations has been advocated for 
nearly forty years. As the intact rock creeps closed around a crushed salt seal, it is assumed that 
the crushed salt will reconsolidate so that it becomes indistinguishable from the host rock. In 
spite of its long history of acceptance, limited experimental and theoretical verification of 
crushed salt consolidation exists within the published literature (e.g., Brodsky, 1994; Holcomb 
and Hannum, 1982; Holcomb and Shields, 1987; Zeuch et al., 1991). Because crushed salt is 
proposed as a sealing material for the WIPP, recent efforts have focused on filling the gap 
between assumptions and verification (RISD, 1996). These efforts included: (1) development of 
a constitutive model for crushed salt consolidation, (2) implementation of the model in a 
structural numerical code, and (3) correlation of consolidation to hydrological parameters. These 
efforts were integrated into the development of parameters for the crushed salt seal component. 
The following sections provide details of the process. 

2.1.1 Material Specifications 

Reuse of salt excavated during the construction of the repository by returning the natural 
material to its original setting ensures physical, chemical, and mechanical compatibility with the 
host formation. The salt component consists of crushed Salado salt with the addition of small 
amounts of water. Natural Salado salt (WIPP salt) is typical of most salts in the Permian basin; it 
has an overall composition approaching 90 to 95% halite with minor amounts of clay, carbonate, 
anhydrite, and other evaporite minerals. Field and laboratory tests have verified that natural salt 
can be compacted to a fractional density (material bulk density divided by material matrix 
density) of equal to or greater than 0.9 with the addition of modest amounts of water. In situ 
WIPP salt contains approximately 0.5 wt % water. After it is mined, transported, and stored, 
some of the connate water is lost to evaporation and dehydration. The water content of the bulk 
material that will be used for compaction in the shaft is normally about 0.25 wt %. A fine mist of 
water will be sprayed onto the crushed salt as it is compacted to increase the total water content 
to between 1.5 and 2% by weight. Measurements of the water content of the salt will be 
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necessary during constructialn to calculate the appropriate amount of water to be added (RISD, 
1996). 

2.1.2 Intrinsic Permeability 

Intrinsic permeability is a measure of the ease with which fluid can flow through a porous 
medium. The relationship between permeability and Darcy’s Law is provided below. 

Darcy’s Law states: 

dh 
dl 

v = -K- 

where: 

v = specific discharge or Darcy velocity ( d s ) ,  

K = constant of proportionality ( d s ) .  
dWdZ = hydraulic gradient (dm) ,  and 

The constant K, referred to as the hydraulic conductivity, relates the rate of fluid flow through a 
porous medium to the fluid pressure gradient induced across the medium. The hydraulic 
conductivity is a property of‘ both the porous medium and the fluid flowing through the medium 
(Hubbert, 1956). Intrinsic permeability (m2), k, and hydraulic conductivity are related (Hubbert, 
1956) by: 

where: 

p = fluid density (kg/m3>!, 
g = acceleration of gravity (m/s2),  and 
1.1 = fluid viscosity (kglms). 

The intrinsic permeability is independent of the fluid flowing through a medium and is a property 
of the medium only. 

2.1.2.1 PARAMETER SOURCES 

Three principal sources contributed to the development of the compacted crushed salt 
permeability PDF: (1) gas permeability measurements on dynamically compacted salt 
specimens, (2) brine permeability rneasurements on mine-run salt consolidated in the laboratory, 
and (3) numerical calculations of crushed salt consolidation. 
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Brodsky (1994) measured brine permeability as part of a comprehensive study to 
characterize both the consolidation characteristics and permeability of WIPP crushed salt. 
Sixteen steady-state brine permeability tests were performed in the study, including 15 tests 
performed on crushed salt specimens consolidated by Brodsky and one test performed on crushed 
salt consolidated by SNL (Zeuch et al., 1991). All samples consisted of loose mine-run salt 
consolidated under conditions of hydrostatic and shear consolidation stresses and were saturated 
in brine before the permeability tests were conducted. Tests were performed using brine as the 
permeant and a salt sample having nominal dimensions of 100 mm in diameter by 200 mm in 
length. The brine was manufactured by saturating distilled water with WIPP crushed salt ground 
to a fine powder. The brine was assumed to be saturated when salt precipitated out of the 
solution. The permeability tests were performed using a brine-filled accumulator located on the 
upstream side of the sample to induce a brine pressure difference that ranged from 0.05 to 2.01 
MPa and a buret located on the downstream side of the specimen to measure flow. Confining 
pressures in the tests ranged from 0.86 to 4.02 MPa. In all tests, the flow-versus-time curves 
were nonlinear with higher flow rates measured early in the test and lower rates measured later in 
the test. The reported permeabilities are listed in Table 2-1 and represent values calculated from 
the high flow rates measured during the early portion of each test. These data are plotted as a 
function of fractional density in Figure 2- 1 and show that permeability decreases as the fractional 
density increases. 

Ahrens and Hansen (1995) reported gas permeability measurements for WIPP crushed 
salt from tests performed as part of a large-scale dynamic compaction demonstration. In this test, 
about 40 m3 of WIPP crushed salt was placed in a steel cylindrical chamber and compacted in 
three lifts by dropping a 9OOO-kg weight in a systematic pattern to achieve an input energy of 
three times Modified Proctor Energy. The chamber had a diameter of 3.65 m and a height of 
3.65 m. Each lift was 1.2 m in original thickness, and sufficient water was added to the lifts to 
bring the moisture content of the crushed salt up to about 1.0 wt %. After the mass was 
compacted, seven vertical test holes were drilled into the compacted crushed salt to recover cores 
for density determinations and also to provide access for in situ gas permeability equipment. The 
fractional density of the compacted mass was determined to be approximately 0.88. A total of 14 
nitrogen gas permeability measurements were taken in the test holes with a reported average 
permeability of 9.0 x m2. This value is included in Table 2-1 and is plotted in Figure 2-1. 

Gas 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 (Hansen et al., 1995). The samples tested were nominally 100 
mrn in diameter with lengths that varied from 100 to 200 mm. The tests were performed with 
nitrogen gas using a steady-state flow technique. Gas pressure differences of 0.345 MPa or 
smaller were used in each test, and rotameter flowmeters were used to measure gas flow rates. 
The samples were confined with a pressure of 1 MPa during the permeability measurements. 
Thirteen tests were performed, including seven tests on samples recovered from the large-scale 
dynamic compaction test, two tests on samples from the first small-scale dynamic compaction 
test, and four tests on samples from the second small-scale dynamic compaction test. The 
density of each specimen was determined before the permeability tests were conducted using 
fluid displacement and direct measurement techniques. The data from these tests are included in 
Table 2- 1 and Figure 2-1. 
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Table 2- 1. Summary of Permeability Measurements for WIPP Crushed Salt 

Specimen 
Identification No. 

HClA 
HC2A 
HC3A 
HC4A 
HC5A 
HC6A 
SC 1B 
SC2A 
SC3A 
SC4A 
SC5A 
SC6A 
SC7A 
SC8A 
SC9B 

19JUN90 

In Situ 

CS/DCl-4-1/3/1 
CS/DC 1-8-3 

cs/Dc2/MM-1/1 
cs/Dc2/MM-2/ 1 
cs/Dc2/T2s- 1/1 
cs/Dc2fr2s-3/2 

DCCS3/3/3-1 
DCCS3/2/1-1 
DCCS3/ 1/1-4 
DCCS3/3/1-4 
DCCS3/3/1-4 
DCCS3/3/1-4 
DCCS3/3/1-4 

(a) Fractional density is bas 

Fractional Density (a) 

0.8953 
0.59377 
0.53333 
0.59272 
0.9907 
0.53907 
0.59546 
0.9788 
0.59607 
0.9428 
1 BO5 1 
0.59678 
0.069 1 
0.9629 
0.9804 
0.9709 

0.13800 

0.9026 
0.13644 
0.13782 
0.13220 
0.13626 
0.13349 
0.i3892 
0.90 12 
0.13886 
0.9007 
0.9 160 
0.9289 
0.9339 

-- 
on an intact salt density of 

Permeability (m2) 

6.34 x lo-'' 
4.88 x lo-'' 
2.14 x 10-l~ 
1.37 x 10-l~ 

3.54 x 10-l~ 

3.22 x 10-l~ 
5.18 x 10-l~ 
6.90 x 10-l~ 

1.29 x 10-l~ 

3.42 x 
1.00 x 

1.23 x lo-'' 

2.56 x 
9.24 x 

3.31 x 
5.77 x 

9.00 x 10-l~'~) 

2.50 x 10-l~ 
2.43 x 10-l~ 
1.71 x 10-l~ 
4.1 1 x 10-l~ 
5.71 x 10-l~ 
1.10 x 10-l2 
7.88 x 10-l~ 
4.99 x 10-l~ 
5.51 x 10-l~ 
4.99 x 10-l~ 
2.63 x 10-l~ 
4.58 x 10-l~ 
4.95 x 10-l~ 

160 kglm'. 

Reference 

Brodsky, 1994 

Hansen and Ahrens, 
1996 

Brodsky et al., 1996 

(b) Average of fourteen gas flow tests. 
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Figure 2- 1.  Permeability versus dry fractional density for WIPP crushed salt. 

A Klinkenberg correction was not applied to these data. This correction would have 
reduced gas permeabilities by approximately 20%. Relative permeability effects were also not 
considered during data reduction. Due to the low brine saturation of the samples, relative 
permeability effects were considered small. 

2.1 -2.2 RATIONALE AND PARAMETER VALUE 

As discussed earlier, the natural process of shaft closure resulting from creep 
deformations of the intact salt rock surrounding the shaft is assumed to reconsolidate the 
dynamically-compacted crushed salt comprising the crushed salt seal. This process is expected 
to increase the fractional density of the crushed salt from 0.90 to 1 .O so that the crushed salt 
becomes indistinguishable from the intact salt. As shown in Figure 2-1, the intrinsic 
permeability of crushed salt decreases as density increases. Furthermore, since the density 
increase is a time-dependent or transient process, the permeability is also a transient process 
which requires that the PDF for the permeability of the crushed salt seal be treated as a transient 
function. 

The development of a transient PDF for crushed-salt permeability requires both ( 1 )  the 
development of a relationship between permeability and density (or fractional density) and (2) 
the accurate prediction of density (or fractional density) with time. The experimental data 
presented in Table 2- 1 and Figure 2- 1 were used to relate permeability to density. However, 
neither experimental data nor natural analogs for the time-dependent process for crushed salt 
reconsolidation are available for long times (up to 10,000 years), so the prediction of density with 
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time was made using structural analyses coupled with material models developed specifically for 
WIPP crushed salt and WIPI? intact salt. The sources of data and rationale for development of 
the models will be discussed. first for the permeability versus fractional density relationship and 
then for the transient PDF. 

Permeability Versus Fractional Density Relationship 

As discussed in Section 2.1.2.1, three sources of data were available for the development 
of a relationship between permeabil.ity and fractional density. The data acquired by Brodsky 
(1994) were from brine permeability measurements performed on loose mine-run WIPP salt 
consolidated to relatively high densities under conditions of hydrostatic and shear consolidation 
stresses, while the data acquired by Hansen and Ahrens (1996) and Brodsky et al. (1996) were 
from gas permeability measurements performed on dynamically compacted crushed salt. 
Although the crushed salt seal is expected to comprise dynamically-compacted crushed salt, the 
use of all data (both from loose mine-run and dynamically-compacted crushed salt) for the 
development of the permeahility versus fractional density was considered appropriate because ( 1)  
the hydrologic properties of the dynamically compacted crushed salt specimens are expected to 
closely approximate those present in the WIPP compacted salt column immediately following 
seal system construction (Le:., relatively low density and high permeability) and (2) the 
hydrologic properties of the loose mine-run crushed salt specimens are considered to represent 
the WIPP compacted salt callumn at long times (Le., relatively high density and low 
permeability). Additional justification for the use of all data is provided below as well as a 
description of the method u!;ed to develop a relationship between permeability and fractional 
density. 

The development of a permeability versus fractional density relationship required a 
careful examination of the experimental data acquired from the three studies. The data naturally 
fall into two groups: (1) gas permeiability measurements performed on dynamically compacted 
crushed salt and (2) brine permeability measurements performed on Ioose mine-run salt. The gas 
permeability measurements can be subdivided into measurements performed on dynamically 
compacted crushed salt frorn the two small-scale dynamic compaction tests (Hansen et al., 1995) 
represented in Figure 2- 1 by the open symbols and measurements performed on dynamically- 
compacted crushed salt frorn the large-scale dynamic compaction test (Hansen and Ahrens, 1996) 
represented in Figure 2-1 by the one in situ measurement and the filled circles. From a historical 
perspective, the brine permcability tests (Brodsky, 1994) on the relatively high-density specimens 
represent the earliest test results and were followed, respectively, by gas permeability tests on 
dynamically compacted crushed salt from the two small-scale dynamic compaction tests and the 
one large-scale dynamic co,mpaction test. This historical perspective is important because the 
impetus for performing the gas permeability tests on the dynamically compacted crushed salt 
from the large-scale test was to acquire permeability data in the transition region between 
relatively low-density specimens (ie., specimens from the two small-scale tests) and high-density 
specimens (i.e., specimens €rom the brine tests) so that the general trend of the permeability 
versus fractional density relationship could be established. Although the specimens prepared 
from the crushed salt recovlered from the large-scale test had an initial fractional density of 
approximately 0.9, their densities were increased to cover the transition region densities 
(fractional densities of 0.9 10 0.95). The increase in density was obtained by subjecting the 
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specimens to a hydrostatic consolidation stage in which the induced stresses were as high as 15 
MPa. Measurements were performed during this consolidation stage to acquire permeability data 
at different levels of fractional density. These data are represented by solid circles in Figure 2-1. 

The data acquired from the brine testing of mine-run crushed salt and gas testing of 
crushed salt from the two small-scale compaction tests suggests that a linear relationship is a 
good approximation for the permeability (transfomed using logarithms) versus fractional density 
plot shown in Figure 2-1. However when the data from the crushed salt recovered from the 
large-scale test (filled circles in Figure 2-1) are compared to this linear relationship, there appears 
to be an anomaly. That is, the permeability of the crushed salt recovered from the large-scale test 
is higher than the permeability predicted by the linear trend through the transition region based 
on the test data from the brine tests on mine-run salt and the gas tests on dynamically-compacted 
crushed salt from the two small-scale tests. An explanation for this apparent anomalous behavior 
is that the deformation process that occurred during the consolidation stage described above for 
the crushed salt from the large-scale test may have affected the permeability measurement. For 
example, it is well known that two deformation mechanisms contribute to the consolidation 
process for crushed salt and that one mechanism dominates the other depending on moisture 
content. Under dry conditions, the effective consolidation process (Le., void space reduction) for 
crushed salt is crystal plasticity; whereas under wet conditions, the effective consolidation 
process for crushed salt is pressure solutiodredeposition, a mechanism of mass movement 
facilitated by the presence of moisture on the grain boundaries. Void reduction by crystal 
plasticity is not effective in filling minute void spaces along grain boundaries. Therefore, at 
equivalent densities, dry consolidation salt would remain more permeable than wet deformed 
salt. 

In the large-scale dynamic compaction test, water was added to the crushed salt to 
increase its moisture content to greater than 1 .O wt %. This moisture content is considered high 
enough to activate the pressure solution/redeposition mechanism during consolidation. 
Unfortunately, the specimens recovered from the large-scale test and subsequently tested in the 
laboratory (Brodsky et al., 1996) for permeability were quite dry (< 0.4 wt %). Moisture was 
unavoidably lost during the large-scale test because the field test chamber for the dynamic 
compaction demonstration was heated, and the test required over three months to complete. 
Additionally, samples extracted from the test chamber may have lost moisture during handling, 
transport, and specimen preparation activities. Although the specimens of crushed salt from the 
large-scale test were known to be quite dry, it was not known whether the remaining moisture in 
the salt was sufficient to activate the pressure solution/redeposition mechanism during 
consolidation. Therefore, optical and scanning microscopy of deformed and undeformed 
samples of crushed salt obtained from the test specimens were performed to document the 
deformational processes that produced consolidation and to provide an explanation for the 
apparent anomalous data acquired for the specimens of crushed salt from the large-scale test. As 
observed through microscopy, consolidation of these specimens was dominated not by pressure 
solution/ redeposition as assumed but rather by crystal plasticity. As a result, the permeability 
measurements made on these specimens may not be consistent with the permeability expected in 
the placed shaft seal. Also, the densification process should be slower for dry specimens 
(Holcomb and Shields, 1987). The consolidation data acquired for the dynamically compacted 
specimens support the microscopy data in that the crushed salt consolidated more slowly or 
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required higher hydrostatic stresses to achieve the higher densities associated with wet salt 
consolidation. In placing crushed salt in the shaft, the initial moisture content of the crushed salt 
will be increased to 1.5 wt 4b by adlding water during the dynamic compaction process (RISD, 
1996). The placed shaft seal salt is not expected to dry in a manner similar to the large-scale 
compaction test and is expected to retain moisture so the consolidation process in the shaft is 
fluid-aided pressure solution. Therlefore, the permeability results obtained from tests of dry 
crushed salt from the large-scale compaction test may not represent the low permeability that will 
occur in the wet crushed salt seal. 

More recent experiments colnducted on dry specimens (Stuhrenberg and Zhang, 1995) 
further substantiate that moisture content and particle size significantly impact the initial 
permeability and consolidation process of crushed salt. At moisture contents similar to those of 
the dynamically compacted specimens (i.e., < 1 %), permeabilities comparable to the dynamically 
compacted specimens were measured. It was also shown that permeability decreased as the 
maximum particle size decreased. It can be argued that the extreme particle size distribution 
present in the W P P  dynamically compacted seals will produce a favorable result in the 
consolidation process. The presence of fine particles mixed throughout the compacted mass is 
likely to result in rapid consolidation because of the higher surface area attributable to these 
particles. As this process continues, the connected porosity and, hence, permeability of the 
composite mass is expected to reduce at rates greater than those predicted by WIPP experiments 
on dynamically compacted salt. This hypothesis is further substantiated by Stuhrenberg and 
Zhang’ s result that compaction of specimens having smaller grains produces lower permeabilities 
than specimens composed of large particles. Therefore, based on the above arguments, the 
permeability measurements made on dynamically compacted crushed salt specimens having 
densities in the range of 0.90 to 0.95 do not represent expected in situ conditions. 

Based on the discussion and justification presented above, it was assumed that a log- 
linear model relating perme ability (transformed into logarithmic space) and fractional density 
was the most reasonable approximation to the laboratory data presented in Figure 2-1. A linear 
least squares fit was performed using the following model: 

- 
h o g 1 0  = m P + b (2-3) 

where: 

klOglo = logarithmically transformed permeability (base lo), 

m, b = fitting parameters. 

- 
p = fractional density based on an intact salt density of 2160 kg/m3, and 

Based on the least squares fitting technique, the model relating permeability and density is: 

jklogl0 = 54.885 + 34.613 (2-4) 

This relationship corresponds to tbe “best fit” line in Figure 2-2. The permeability data given in 
Figures 2-1 and 2-2 show consider(ab1e variation, with differences of more than four orders of 
magnitude at an equivalent fractional density. To address this variation in permeability for a 
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Figure 2-2. Measured and predicted permeability versus dry fractional density for the compacted 
crushed salt column. 

given value of density, a probability interval was established around the predicted value. The 
probability interval that incorporates both the error from the fitted model and the error associated 
with future observations is termed a prediction interval (Montgomery and Peck, 1982). Three 
prediction intervals were determined for the empirical model, including the 80% prediction 
interval bounded by the 10 and 90% predictor limits, the 90% prediction interval bounded by the 
5 and 95% predictor limits, and the 98% prediction interval bounded by the 1 and 99% predictor 
limits. Each of these intervals is superposed on the data given in Figure 2-2. As shown, the 90% 
prediction interval (bounded by the 5 and 95% prediction limits) contains all of the laboratory 
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and in situ measurements of permea.bility. This predictor interval is used in the development of 
the transient PDF for crushed salt pmneability as described below. 

Development of Transient PDF 

Although Equation 2-4 provides a relationship between permeability and density, it does 
not provide any information regarding density of the crushed salt with time, and no field analogs 
exist from which density can, be inferred for long times. Structural analyses were performed to 
predict the density of the crushed salt as a function of time. The analyses made use of a 
“pineapple slice” structural model taken through the midheight of the crushed salt column (a 
depth of 5 15 m), and assumed the initial emplaced fractional density of the crushed salt was 0.90 
( 1944 kg/m3). 

Figure 2-3 plots the density of the crushed salt as a function of time for three depths and 
indicates that the crushed sallt column at a depth of 5 15 m (column midheight) is fully 
reconsolidated after approximately 140 years. The data presented in this figure were determined 
using the “pineapple slice” structural model combined with reference engineering values for the 
parameters in all of the constitutive models ( e g ,  the Multi-Deformation Coupled Fracture 
[MDCF] model for intact salt and the Sjaardema-Krieg [S-K] model for crushed salt). Some 
uncertainty exists in these constitutive models because of the uncertainty associated with the 
model parameters. In the developrnient of the PDF for crushed salt permeability, it was assumed 
that all the model Uncertainty could be attributed to one parameter in the MDCF model for intact 
salt. This parameter, Az, is the leading coefficient of what is known as the undefined steady-state 
deformation mechanism and has been treated in previous analyses as a random variable having a 
lognormal distribution (Fossum et ad., 1994). The effect of changes in the value of A2 on density 
was analyzed by predicting density at five specific times (0,50, 100,200, and 400 years) using 
the decile levels of A2 calculated from its lognormal distribution. The results showed that 
fractional density was significantly affected by changes in the value of A2 as shown in Table 2-2. 
For example, at 100 years after emplacement, the fractional density at a depth of 515 m could 
vary from 0.9577 to 1.0. 

The development of the PDlF for crushed salt permeability required the incorporation of 
both (1) the uncertainty in the consfitutive models used to predict fractional density and (2) the 
uncertainty in the permeability versus fractional density relationship described above. In 
addition, because the density and, therefore, the permeability change with time, the PDF was 
required to be a transient function. To characterize the transient nature of the PDF, distribution 
functions were developed for five specified times including 0,50, 100,200, and 400 years after 
seal emplacement. The process used to develop the transient PDFs and to combine the two 
sources of uncertainty is summarized as follows: 

1) At each specified time after seal emplacement (Le., 0,50, 100,200, and 400 years), 
permeability was estimated using Equation 2-4 for each of the ten values of fractional density 
given in Table 2-2. These permeability estimates are given in Tables 2-3 and 2-4 under the 
column of “Reference Engineering.” 
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Figure 2-3. Fractional density as a fknction of time for the compacted crushed salt column at 430, 
5 15, and 600 m depth below ground surface. 

Table 2-2. Fractional Density of Crushed Salt for Different Values of Both A2 and Time after Seal 
Emplacement 

MDCF Parameter A2 Fractional Density"' 

1 O+'O/year 0 years 50 years 100 years 200 years 400 years 

2.550 0.9000 0.9305 0.9577 1.0000 1 .oooo 
3.600 0.9000 0.9392 0.9742 1 .oooo 1 .oooo 
4.130 0.9000 0.9434 0.9819 1 .oooo 1.0000 

4.600 0.9000 0.9471 0.9883 1 .oooo 1 .oooo 
5.710 0.9000 0.9553 0.9999 1 .oooo 1 .oooo 
6.940 0.9000 0.9639 1 .oooo 1 .oooo 1 .oooo 
8.450 0.9000 0.9737 1 .oooo 1.0000 1 .oooo 
10.4 1 0.9000 0.9853 1 .oooo 1.0000 1.0000 

13.31 0.9000 0.9991 1 .oooo 1 .oooo 1.0000 

18.73 0.9000 1 .oooo 1 .oooo 1.0000 1.0000 

(a) At a depth of 515 m (based on an intact salt density of 2160 kg/m3). 
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2) The ten values of permeability estimated using Equation 2-4 were plotted as a Cumulative 
Distribution Function (CDF) for each time after seal emplacement assuming the decile levels 
of the value of A2 corresponded to the decile levels of permeability (Figures 2-4 through 2-7). 
This CDF incorporated uncertainty in the constitutive models, but did not address 
uncertainty in the permeability versus density relationship. 

3) Upper and lower bounds on the determined permeabilities were also developed based on the 
predictor intervals shown in Figure 2-2. The predictor limits used were for 90% coverage 
(i.e., the 5 and 95% predictor limits defined previously). The permeabilities corresponding to 
the upper and lower predictor limits are also given in Tables 2-3 and 2-4. 

4) The upper and lower bound penmeabilities were drawn around the CDFs at the 5 and 95% 
bounds (see Figures 2-4 through 2-7). These bounds represent the uncertainty in the CDF 
inherent in the permeability versus density relationship. 

5 )  A log triangular distribution function was then developed by assuming (1) the lower limit or 
bound of the distribution (parameter a defined below) was equivalent to the first decile of the 
lower predictor interval (ie., 5% bound), (2) the upper limit or bound of the distribution 
(parameter b also defined below) was equivalent to the ninth decile of the upper predictor 
interval (i.e., 95% bound), and (3) the most probable estimator of permeability (parameter u 
also defined below) was equivalent to the permeability calculated using the reference 
engineering value of Az. These log triangular CDFs are shown in Figures 2-4 through 2-7 
denoted by “Proposed CDF.” Table 2-5 summarizes the log triangular distribution 
parameters for compacted crushed salt permeability at times after emplacement of 0, 50, 100, 
200k, and 400 years. 

- 

As discussed above, the permeability of the compacted crushed salt column was treated 
as a transient random variablle defined by a log triangular distribution. The PDF for a triangular 
distribution was expressed as (Ang and Tang, 1975): 

For a s x I u: 

For u I x I b: 

f X ( 4  = - - ( b - a )  u - a  
(2-5) 

where: 

x = transformed value of pemneability, 

a,b = lower and upper endpoints of the distribution in transformed space, respectively, 

and 

u = transformed test estimator of the distribution. 
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Table 2-3. Reference Engineering and Lower and Upper Bound Permeabilities for Compacted 
Crushed Salt at 0 and 50 Years after Seal Emplacement 

Dry Fractional Permeability (m2) 

Density Reference Lower Bound Upper Bound 
Engineering (5% Predictor) (95% Predictor) 

0 Years after Seal Emplacement 

0.9000 
0.9000 
0.9000 
0.9000 
0.9000 
0.9000 
0.9000 
0.9000 
0.9000 
0.9000 

1.65 x 10-l~ 
1.65 x 10-l~ 
1.65 x io+ 
1.65 x 10-l~ 
1.65 x 10-l~ 
1.65 x 10-l~ 
1.65 x 10-l~ 

1.65 x 10-l~ 
1.65 x 10-l~ 
1.65 x 10-l~ 

5.00 x 10-l8 
5.00 x 10-l8 

5.00 x 10-l8 
5.00 x 10-l8 
5.00x 10-l8 
5.00x lo-'* 

5.00x 10-l8 
5.00x 10-l8 

5.00 x 

5.00 x 

5.43 x 10-l~ 
5.43 x 10-l~ 
5.43 x 10-l~ 
5.43 x 10-l~ 
5.43 x 10-l~ 
5.43 x 10-l~ 
5.43 x 10-l~ 
5.43 x 10-l~ 
5.43 ~ - 1 o - l ~  
5.43 x 10-l~ 

50 Years after Seal Emplacement 

0.9305 
0.9392 
0.9434 
0.947 1 
0.9553 
0.9639 
0.9737 
0.9853 
0.9991 
1 .m 

3.49 x 10-l~ 
1.16 x 10-l~ 
6.83 x 
4.28 x 
1.52 x 
5.12 x 10-l~ 
1.48 x 10-l~ 
3.43 x 
5.99 x 
5.35 x 

1.09 x 10-l~ 
3.60 x 
2.10 x 
1.31 x 
4.57 x 
1.50 x 
4.21 x 
9.23 x 
1.50 x 
1.33 x 

1.12 x 10-l~ 
3.75 x 10-l~ 
2.22 x 10-l~ 
1.40 x 10-l~ 
5.05 x 
1.75 x 
5 . 2 4 ~  10-l~ 
1.27 x 10-l~ 
2 . 4 0 ~  
2.15 x 
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Table 2-4. Reference Engineering aad Lower and Uppe-r Bound Permeabilities for Compacted 
Crushed Salt at 100,200~, and 400 Years after Seal Emplacement 

Dry Fractional -- Permeability (m2) 
Reference Lower Bound Upper Bound 

Engineering (5% Predictor) (95% Predictor) 
Density 

1.00 Years after Seal Emplacement 

0.9577 

0.9742 

0.98 19 

0.9883 

0.9999 

1 .oooo 
1 .oOOo 
1 .om0 
1 .OOoo 

1 .oooo 

1.12: x lo-'' 

1.39 x 10-l~ 

5.25' x 

2.35 x 

5.42! x 

5.35 x 

5.35 x 
5.35 x 

5.35 x 

5.35 x 

3.35 x 

3.94 x 

1.44 x 

6.23 x 
1.35 x 

1.33 x 

1.33 x 

1.33 x 

1.33 x 

1.33 x 

3.75 x 10-l6 

4.93 x 10-l~ 

1.92 x 10-l~ 

8.84 x lo-'' 

2.18 x lo-'' 

2.15 x lo-'' 

2.15 x lo-'' 

2.15 x lo-'' 

2.15 x lo-'' 

2.15 x lo-'' 

200 and 400 Years after Seal Emplacement 

1 .oooo 
1 .oooo 
1 .m 
1 .OoOo 

1 .oooo 
1 .oooo 
1 .m 
1 .m 
1 .oooo 
1 .moo 

1.33 x 

1.33 x 

1.33 x 
1.33 x 

1.33 x 
1.33 x 

1.33 x 

1.33 x 

1.33 x 

1.33 x 

2.15 x lo-'' 

2.15 x lo-'' 

2.15 x 

2.15 x 
2.15 x 

2.15 x lo-'' 

2.15 x 

2.15 x lo-'' 

2.15 x lo-'' 

2.15 x lo-'' 
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Figure 2-4. permeability CDF for compacted crushed salt column at a depth of 5 15 m bgs and a 1 
time after seal emplacement of 0 years. 
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time after seal emplacement of 50 years. 
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Table 2-5. Parameters of the Log Triangular Distribution Functions for Permeability of 
Compacted Crushed Salt for Times of 0,50, 100,200, and 400 Years after Seal 
Emplacement 

Time after Seal 
Emplacement (years) 

Permeability (m2) 

Lower Bound Best Estimator Upper Bound 

0 

50 

1 0 0  

200 

400 

5.00 x 1.65 x 1 0 - l ~  5.43 x 1 0 - l ~  

1.33 x 6.83 x 1.12 x 1 0 - l ~  

1.33 x 5.27 x 3.75 x 10-l6 

1.33 x 5.35 x 2.15 x 

1.33 x 5.35 x 2.15 x 

The CDF was obtained from the PDF through integration of Equations 2-5 and 2-6 over the 
limits from a to u and u to b, respectively. The best estimator, u, was calculated from the 
transformed permeability data using: 

- 
u = 3klOg - a - b  (2-7) 

where KOg is the mean of the transformed permeability values. The distribution parameters are 
summarized in Table 2-5. 

The DRZ permeability adjacent to the Salad0 crushed salt column was explicitly 
calculated and then combined with the crushed salt seal permeability in the conceptual model 
(see Section 4.0). 

2.1.3 Porosity 

Porosity (m3/m3), 9, is defined (Freeze and Cherry, 1979) as the ratio of the volume of 
voids (m3), Vv, in a material to the total volume of the material (m3), Vt. Thus, 

V V  $ =  - 
Vr 

porosity is usually reported as a decimal fraction or a percent and has units m3/m3. The porosity 
of a material may be either interconnected or isolated. Interconnected porosity permits fluid 
transport through the material, while isolated porosity does not. Material porosity may also be 
expressed in terms of the bulk density (kg/m3), p, and the material grain density (kg/m3), pg, 
through the relationship: 
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The quotient term in Equation 2-9 can be expressed in terms of the salt fractional density p . The 
grain density of salt, ps, as determined by Brodsky et al. (1996) is 2160 kg/m3. However, the 
intact salt specimens used to determine density had an assumed porosity of 1 .O%. To account for 
this condition, the porosity of the cnushed salt can be calculated as follows: 

Q = 0.90 (1 - p) + 0.01 (2-10) 

Equation 2-10 is valid for p 10.90 and satisfies the conditions that the porosity is 10% (+=O.lO) 
at an emplaced fractional density of 0.90. At a fractional density of 1 .O @e., intact salt) the 
porosity is 1% (+=0.01). 

2.1.3.1 PARAMETER SOURCES 

Data used to develop transient, best estimators for porosity were based on predictions of 
crushed salt density with tim.e and subsequent calculation of porosity using Equation 2-10. 
Porosity was determined as ;i function of time by substituting the density determined from the 
structural analysis described previously in Section 2.1.2.2 into Equation 2- 10. Porosity values 
were determined for times corresponding to 0,50, 100,200, and 400 years after seal 
emplacement. These values are surnmarized in Table 2-6 and plotted in Figure 2-8. 

2.1.3.2 RATIONALE AND PARAMETE33 VALUE 

Although the porosity of the: crushed salt column is transient (time-dependent), 
compliance calculations did not include the time-dependent seal material porosities. Use of a 
constant was assumed adequate. A constant value of 5% (0.05) was recommended for the 
porosity of the crushed salt. Table 2-6 shows that this porosity is representative of early times. 
However, because the porosity estimates in Table 2-6 do not consider the pore fluid effects on 
the reconsolidation (and subsequent reduction in pore volume), a simulation value 0.05 was 
considered appropriate. 

2.1.4 Pore-Volume Compressibility 

Pore-volume compressibility makes up part of the hydraulic diffusivity term 13r a porous 
medium. Rock compressibility (lAPa), C,, is equal to the fractional change in volume of a solid 
rock matrix with a unit change in pressure and can be expressed as (Jaeger and Cook, 1976): 

1 
C, =K 
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Table 2-6. Best Estimators for Porosity of Compacted Crushed Salt 

Time after Seal Emplacement Density 
(Years) W m 3 )  

Porosity 
(%I 

0 

50 
100 
200 

400 

1 944 
2038 
2121 
2160 

2160 

10.0'"' 
6. 1'"' 
2.6'"' 
1 .O(b) 

1 .Otb' 
(a) Calculated from Equation 2-10. 
(b) Equal to the porosity of Salad0 salt. 

10 

5 

0 

-5 

Depth = 515 mbgs 

I I I I 

0 100 200 300 400 500 

Time after Emplacement (yrs) 
TR1-6121-370-0 

Figure 2-8. Porosity versus time for the compacted crushed salt column at a depth of 5 15 m bgs. 
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where K is the rock bulk modulus (F’a). Pore-volume compressibility (1Pa) is defined as the 
fractional change in pore volume with a unit change in pressure and can be expressed as (Bear, 
1972): 

(2-12) 

where: 

P = pressure (Pa). 

To calculate the pore-volume compi:essibility using Equation 2- 12, the rock compressibility must 
be divided by porosity. The pore-volume compressibility expressed in t e r n  of the bulk modulus 
of a given material is then equal to: 

1 1  c=- - 
K O  

(2- 13) 

Bulk modulus is an elastic property that relates volume changes of a material to changes 
in mean stress or pressure applied to the material (Fung, 1977). By definition, bulk modulus, K, 
is expressed as: 

(2-14) 

where: 

E” = volumetric strain (dm.), and 
O m  = mean stress (Pa). 

Bulk modulus can be measured dire:ctly from a hydrostatic compression test in which the mean 
stress is increased and the volume d.eformations are measured, or it can be calculated from other 
elastic properties such as Young’s modulus (Pa), E, and Poisson’s ratio, v, (Fung, 1977) using: 

(2- 15) 

Young’s modulus and Poisson’s ratio can also be determined from laboratory tests (e.g., 
unconfined or confined compression, uniaxial tension, etc.). 

The bulk modulus of crushed salt has been determined experimentally by Holcomb and 
Hannum (1982). In this study, hydrostatic compaction tests were conducted with unloadreload 
cycles performed at prescribed levels of density. The unloadreload data were used to calculate 
bulk modulus (using Equation 2-14) at the prescribed levels of density. The data were later used 
by Sjaardema and Krieg (1 987) to estimate the parameters in an empirical model relating bulk 
modulus to density. The form of this nonlinear model is as follows: 
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K = A exp( B p )  (2-16) 

where A (units of MPa) and B are fitting parameters and p is fractional density. Sjaardema and 
Krieg recommended the values of 0.0176 and 14.10 forA and B, respectively, subject to the 
constraint that K cannot exceed a value of 20,667 MPa (Le. the bulk modulus of intact salt). 

For a porosity of 0.05 (Section 2.1.3), the pore volume compressibility of the crushed salt 
was determined by using Equations 2-10,2-16, and 2-13 to successively calculate fractional 
density, bulk modulus, and compressibility. The fractional density corresponding to a porosity of 
0.05 was 0.956 (using Equation 2-10), while the bulk density corresponding to this fractional 
density was determined to be 12,600 MPa (using Equation 2-16). The pore volume 
compressibility calculated from Equation 2- 13 and recommended for PA calculations was 
1.6 x 10- m 1Pa. 9 2  

2.1.5 Initial Wetting Phase Saturation 

In a two-phase system, the void space may be partially saturated with respect to one of the 
phases. Two variables can be used to specify the relative liquid content (water or brine) of a 
porous medium (Bear, 1979): 

volume of liquid 
bulk volume 

el = 

(2-17) 
volume of liquid 
volume of voids 

s1 = 

where 81 = + SI. The crushed salt components will have an initial water content of 0.05 to 2% by 
weight (RISD, 1996), where 

and 

w = water content by weight 
ml = liquid mass (kg) 
m~ = bulk mass (kg) 
VT E total volume (m3) 
Vl = liquid volume (m3) 
p~ liquid density 
p~ = bulkdensity 

Assuming that: 
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where ps is the solid density, and letting the specific gravity, G = ps / P I ,  the liquid saturation can 
now be calculated from: 

(2-19) 

Assuming a moisture content of 2% by weight, solid density of 2160 kg/m3 for salt, fluid 
density of 1200 kg/m3 for brine, anid an initial porosity of 0.10, the resulting initial brine 
saturation was calculated to be 0.32 for the crushed salt component, and this value was 
recommended for compliance calculations. 

2.2 Compacted Clay 

Compacted clays are: commonly proposed as primary sealing materials for nuclear waste 
repositories and have been e.xtensively investigated (e.g., Gray, 1993). Compacted clay as a shaft 
sealing component provides a barrier to brine and possibly to gas flow into or out of the 
repository and supports the shaft with a high density material to minimize subsidence. In the 
event that brine does contact the compacted clay column, bentonitic clay can generate a 
beneficial swelling pressure. Swelling would increase internal supporting pressure on the shaft 
wall and accelerate healing of any D E .  Wetted, swelling clay will seal fractures as it expands 
into available space and will ensure: tightness between the clay seal component and the shaft 
walls. 

2.2.1 Material Specificaltions 

The Rustler and Salad0 compacted clay columns are specified to be composed of a 
commercial, well-sealing grade sodlium bentonite. The composition of a typical sodium 
bentonite, such as Volclay c r  MX-80, contains between 80 and 90% montmorillonite, while the 
remaining fraction is dominated by quartz and feldspars (Gray, 1993). The bentonite seal will be 
emplaced at a dry density of' no less than 1800 kg/m3 and no greater than 2000 kg/m3. The higher 
density of 2000 kg/m3 may be desirable to carry the weight of the shaft seal effectively and to 
limit subsidence. The initial water content of the clay will be from 10 to 12%. It is assumed that 
pure water with low dissolvled solicls will be used in the clay component construction. 

2.2.2 Intrinsic Permeability 

2.2.2.1 PARAMETER SOURCES 

A significant body of literature regarding compacted bentonite permeability was reviewed 
as shown in Table 2-7. Most literature sources reported hydraulic conductivity rather than 
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Table 2-7. Reported Literature Values of Hydraulic Conductivity and Permeability for Compacted Bentonite 

M A T l 4 U A I A  N O 1 B  HYI>RAWC PI?mlEABILrrY DENSITY" SOURCE 
CONDUCT(VIT1! 

GENERAL: 
Highly compacted bentonite 
Plugs 
Water saturated, highly 
compacted bentonite 
Compacted bentonite 
Highly compacted bentonite 

Clays other tlian bentontite 
Clay-bound aggregate mixtures 
Bentonite 
Compacted clay/sarrd 

Compacted sancl/l)entonite 

MX80 (Na - Wyoming) 
Sodium bentonite 
Calcium bentonite 
Sodium bentonite 
Bentonite 
Proposed buKer material 

Na bentonite (MX80) 

Na bentonite (satwated) 

Estimation based on plugs tested at Stripa 

Reference to Pusch, SKB 80-16 

Reference to Clieuiig (1997), also graph 
Reported values 
Similar values for liiglier porosity 
In situ compaction 

For eKective clay diy density of 0.5-2.25 g/cm3 
K as function of clay content and type, 
for 10% to 100% Na bentonite 
K as function of bentonite content, 
for bentonite content greater than 25 to 30% 
Pelmeability vs. bulk density of saturated MX80 
Experimental values plus model 
Experimental values plus model 
Confined element at pressures from 50 - 100 MPa 
Rich in smectite, as a buffer material 
Canada - 50150 bentonitelsand 
Finland - 100% Na bentonite 
France - 100% Ca bentonite 
Spain - 100% Na bentonite 
Sweden - 100% Na bentonite 
Switzerland - 100% Ca bentonite 
Bulk densities 

Bulk density 

le-I2 to le-13 4 s  

< le-11 nv's 

< le-13 m / s  

le-I2 to le-13 m / s  

le-12 to le-13 m / s  

as low as le-9 m/s 
as low as le-10 m / s  

le-13 to 5e-11 m / s  

le-6 to le-12 cm/s 

le-9 cm/s or lower 

le-1 1 to le-14 m / s  

le-10 to le-14 m / s  

le-9 to le-13 m / s  
<le-12 m / s  

<le-12 m / s  . 

le-12 to le-11 m / s  

2e-14 to 2e-13 m / s  
2e-14 to 2e-13 m / s  
2e-14 to 2&13 4 s  
2e-14 to 2e-13 m / s  

le-I2 to le-13 m / s  

le-14 m f s  
5e-13 m f s  

le-I2 m / s  

2~-14 m / s  

2.20 t/m3 

0.5 to 2.25 gkm3 

1.0 to 2.3 t/m3 
1.2 to 2.2 g/cm3 
1.6 to 2.4 g/cm3 
1.4 to 1.8 t/m3 

>1.1 t/m3 

2.0 t/m3 
1.8 t/m3 
1.7 t/m3 
2.0 t/m3 

Gray, 1993 

Gray, 1993 

Gray, 1993 
IAEA, 1990 
IAEA, 1990 
IAEA, 1990 
IAEA, 1990 

Johnson et al., 1994 
Kelsall et al., 1985 

Meycr and Howard, 1983 

Pusch, 1982 
Pusch and Borgesson, 1989 
l'usch and Borgesson, 1989 
Puscli and Borgesson, I990 

Pusch et al., 1989 
Pusch et  al., 1989 
I'usch et al., 1989 
Pusch et al., 1989 
Pusch et al., 1989 
Pusch et al., 1989 
Puscli et al., 1989 
Puscli et al., 1987a 
Pusch et al., l987a 
Pusch et al., 1987a 
Puscli et al., 1987b 



Table 2-7. Reported Literature Values of Hydraulic Conductivity and Permeability for Compacted Bentonite 

le-6 to le-8 m / s  1.1 to 1.3 t/m3 Pusch et al., 1987c Sodiuni bentonite 
Highly romparted bentonite Relationsliip between density aid conductivity 2e-14 m j s  2.1 t/m3 SKB, 1978 
(MX80) buffer 
Bentonite buffer m a t e d  Reference to laboratory studies 5e- 14 m / s  2.0 t/m3 SKI, 1984 

SKI, 1984 Ikntonite plugs Highly cornparted - 'according to SKBF <le-12 m / s  

Fresh-Mater conditions at low bulk densities 

benioniw/S% d i  At siidiiig picsyiic 2 ?;I!%, C!V &=si",. !.6 ~ d c m 3  !e-!Q m2 I 97 g/c/cm.? Stormont, 1988 

Reference to Pusch ha t  permeability of bentonite LO 
brine is about an order of magnitude geater than to fresh water 

Water-sahrrated bentonite 
Sodium bentonite At density 1.75 gm/cm3 le-I3 m / s  

IDermeahhty varies inverseiy with buiii density ie-i2 io ie-i4 m/s as 

I'ermeability decreases as function o f  bulk density le-1 1 LO le-14 nds 1 .0 to 2.5 dcm3 Westillgllouse, 1983 

LABORATORY TE3TS: 
Sodium bentonite 
Calrium bentonite 
Saltjbentonite blocks 

Salthntonite mixture 

Compacted Na bentonite 

MX80 bentonite and quartz 
Sand 

w/5-10% impurities 
w/10-15% impurities 
1:l mixture by weight, average properties 
Nater saturation = 42% 

30% bentonite, 5% water content 
30% bentonite, 5% water content 
30% bentonite, 10% water content 
100% bentonite 
25% bentonite/75% quartz 
4% bentonite 

8% bentonite 

-5e-11 to 7e-12 cm/s 
-7e-11 to le-I1 cm/s 

for 1.7 to 2.2 4cm3 
for 1.6 to 2.1 g/crn3 

<le-6 darcy (brine) 1.87 gm/cm3 

1 e-3 darcy (gas) 
no flow established 

4.9e-17 m2 
1.3e-17 m2 

(112-12 cm/s 
7e-I0 cm/s 
3e-4 cm/s 1.8 g h 3  

1.5e-5 cm/s I .8 g/m3 

Bradley et ai., 1983 
Bradley et al., 1983 

Finley and Jones, 1994 

Pfeifle, 1991 
Pfeifle, 1991 
Pfeifle, 1991 

Wheelwright et al., 1981 
Wheelwright et al., 1981 
Wheelwright et al., 1981 

Wheelwright et al., 1981 
20% lxxtonite IC-7 rm/s 1.8 dni3  Wlieel\\light et al., 1981 

IN SITIJ Tl!SlS 
Bentonite 100% compressed bentonite block seal test le-6 darcy 
Salt/bentonite 50% ciushed salt/5/5096 bentonite block seals le-3 darcy 

Clay liner test fill Sealed double ring infiltrometer 2.4e-8 cmfs 

Finley and Tillerson, 1992 
Finley and Tillerson, 1992 

Havlena and Stephens, 1992 



Table 2-7. Reported Literature Values of Hydraulic Conductivity and Permeability for Compacted Bentonite 

SOURCE w m ,  NOTlElS HYDRAULIC PERMEABIISI'Y LXNSITY" 
CONDLJCIWKY 

BAT probe: Test 1 8.8~-9 C ~ S  Havlena and Stephens, 1992 
BAT probe: Test 2 7.4e-9 c d s  Havleiia and Stephens, 1992 
Air entry permeameter 2.6e-8 cm/s Havlena aid Stephens, 1992 
Shelby tubes: Test 1 (laboratory analysis) Havlena and Stephens, 1992 
Shclby tubes: Test 2 (laboratory analysis) Havlena and Stephens, 1992 

Pusch, 1985 Highly compacted MX80 Bulk density (saturated state) vs. le-14 m f s  2.15 t/m3 
Pusch, 1985 hydraulic conductivity (avg. for room temp 3e-14 4 s  2.10 t/m3 

and 70°C) &-I4 Nl/S 2.05 t/m3 Pusch, 1985 
le-13 m / s  2.00 t/m3 Pusch, 1985 

7.3e-9 cm/s 
2.7~-9 C ~ / S  

1.95 t/m3 Pusch, 1985 

tL Buiiirmaterial 5050 sand/bcntonite mixture 
752.5 s;uid/lake Agassiz clay 
(Lake Agassiz clay = 5046 montmorilloiiitc) 
mixed with 75% crushed granite 
mixed with 50% cmshed granite 
mixed with 50% crushed granite 
mixed with 50% crushed granite 
mixed with 50% crushed granite 
mixed with 50% crushed granite 
mixed wilh 75% crushed gmiite 

mixed with 50% crushed p i i t e  
mixed with 50% crushed granite 
mixed with 50% crushed granite 

vl 
Backtill material 

13lack Hills bentonite 

Pembina bentonite (Ca) 

le-12 to le-10 m / s  

le-10 to l e 9  d s  

1.2e-12 m f s  

3.7~-13 m f s  

8.2~-13 4 s  
9.9e-13 4 s  
6.9~-13 ds 
1.4~-12 
2.le-11 m f s  

3.7e-11 m f s  

4.2c-12 d s  
9.le-11 m / s  

> 1.67 $cm3 
2.1 $cm3 

I .89 g/m3 
1.8 $m3 

1.68 g h 3  
1.68 g/m3 
1.68 $m3 
1.55 $m3 
1.88 g/m3 
1.88 g/m3 
1.56 g/m3 
1.59 g/m3 

Garisto and LeNeveu, 1989 
Garisto and LeNeveu, 1989 

Radliakrishna et al., 1989 
Radliakrislma et al., 1989 
Radhakrishia et al., 1989 
Radhakrishna et al., 1989 
Radhakrishna et al., 1989 
Radhakrishna et al., 1989 
Radhakrislina et al., 1989 
Radhakrishna et al., 1989 
Radhakrisluia et al., 1989 
Radlrakrishiia et al., 1989 

(a) Units of t/m3 are metric tons per cubic meter. 



intrinsic permeability. Table 2-7 includes laboratory and in situ measurements of hydraulic 
conductivity and permeability for 100% sodium bentonite materials. Also included in Table 2-7 
are hydraulic conductivity arid permeability estimates for bentonite backfillhuffer materials for 
both sodium and calcium bentonites. Hydraulic conductivity can be related to intrinsic 
permeability using Equation 2-2. Tiable 2-8 presents permeabilities found in the literature or 
calculated from hydraulic conductivities found in the literature for compacted bentonite. 
Figure 2-9 presents reported point values and reported ranges in permeability of bentonite as 
determined from the various literature sources included in Table 2-7. From Figure 2-9, it can be 
seen that the permeability of reported bentonites ranges from 1 x -15 2 to 1 x 10 m . 

Investigators have found that the permeability of bentonite is inversely correlated to the 
dry density of the clay. Figure 2-10 is a plot of bentonite permeability as a function of reported 
sample density for sodium bentonite samples. The permeability ranges from approximately 
1 x m2. Several investigators have published graphical relationships between 
clay permeability and dry density reported in the form of a line or polygon encompassing a range. 
These two types of data have been (combined in Figure 2- 1 1. In all cases, the data in Figure 2- 1 1 
are representative of low ionic strength permeant waters. Data provided in this figure were 
limited to sodium bentonite and benltonite/sand mixtures with clay content greater than or equal 
to 50%. Cheung et al. (1987) reported that in bentonitekand mixtures, the sand acts as an inert 
fraction which does not alter the permeability of the mixture from that of a 100% bentonite 
sample at the same equivalent dry density. Also included in Figure 2-1 1 are the three point 
estimates of permeability at !dry densities of 1400, 1800, and 2100 kg/m3 reported in Ran and 
Daemen (1995). 

to 1 x 

Several studies have found that the permeability of bentonite is affected by the permeant 
fluid salinity. Permeability increases as salinity increases. Researchers have found that the 
effects of salinity on permeability are greatly reduced, if not eliminated, at high dry densities. 
Cheung et al. (1987) reporteld that at dry densities greater than 1250 kg/m3, salinity effects are 
reduced and ultimately eliminated at  very high densities. Pusch et al. (1987a) reported that the 
pore water electrolyte concentration does not significantly affect swelling pressure or 
permeability of bentonite at densities greater than 2000 kg/m3. However, they stated that it is 
extremely difficult to reach densities greater than 1900 kg/m3 in boreholes. Therefore, salinity 
effects on clay properties were considered. Pusch et al. (1987a) estimated that increasing the 
bentonite pore water concentration >to that of ocean salinity may reduce swelling pressure by 50% 
and increase hydraulic conductivity (and permeability) by as much as a factor of five (one-half 
order of magnitude). Bentonite permeability has also been observed to increase with increasing 
hydraulic gradient at dry densities less than 1250 kg/m3 (Cheung et al., 1987). This phenomenon 
is expected to be minimal given the high emplacement density of the shaft clay seals. 

Knowles and Howard (1996) summarized results of a series of in situ experiments 
designed to evaluate the feasibility of candidate seal materials for use at the WIPP. These tests 
are referred to as the Small !kale Seal Performance Tests (SSSPTs). Materials tested included 
salt-saturated concrete, compacted salt, and compacted bentonite. Small (less than 1 m in 
diameter) seals were constructed in vertical and horizontal boreholes drilled at the repository 
horizon. One test series evaluated the sealing capacity of 100% bentonite clay blocks emplaced 
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Table 2-8. Calculated Permeability Values for Compacted Bentonite 

MATERIAL NO’I’ES REPORTED VALUES: CALCULATED SOURCE 
PERMEABILITY 

(m9 
Hydraulic 

Conductivity Permeability 

GENERAL: 
Highly compacted Imitonite 
P b  
Water saturated, highly 
compacted bentonite 
Compacted bentonite 
Highly compacted bentonite 

Clays other than bentoiiite 
2 Clay-huiid aggregate mixtures 

Bentonite 
Compacted clay/sand 

Compacted suid/bentonite 

MX80 (Na - Wyoming) 
Sodium bentonite 
Calcium bentonite 
Sodium bentonite 
Bentonite 
Proposed bulfer material 

Na bentonite (MX80) 

Estimation based on plugs tested at Stripa 

Reference to Puscli, SKB 80-16 

Reference to Clieung (1997), also graph 
Reported values 
Similar values for higher porosity 
111 situ compaction 

For effective clay dry density of 0.5-2.25 dcm3 
K as function of clay content and type, 
for 10% to looW Na bentonite 
K as functioii of bentonite content, 
for bentonite content greater than 25 to 30% 
Permeability vs. bulk density of saturated MX80 
Experimental values plus model 
Experimental values plus model 
Confined element at pressures from 50 - 100 MPa 
Rich in smectite, as a buffer material 
Canada - 50/50 bentonite/sarid 
Finland - 100% Na bentonite 
France - 100% Ca bentonite 
Spain - 100% Na bentonite 
Sweden - 100% Na bentonite 
Switzerland - 100% Ca bentonite 
Bulk densities 

Na bentonite (saturated) Bulk density 

le-I2 to le-13 m / s  

< le-11 m / s  

< le-13 m / s  

le-12 to le-13 m / s  

le-12 to le-I3 m / s  

as low as le-? m / s  

as low as l e 1 0  m / s  

1013 to 5e-11 m / s  
le-6 to le-12 C ~ / S  

le-9 cm/s or lower 

le-1 1 to le-14 m / s  

le-10 to le-14 m / s  

le-9 to le-I3 m / s  
<le-12 m / s  
<le-12 nds 

le-12 to le-11 m / s  

2e-14 to 2e-13 m / s  

2e-14 to 2e-13 m / s  

2e-14 to 2e-13 m / s  
2e-I4 to 2e-13 m / s  

le-12 to le-13 m / s  

1014 m / s  
5e-13 m / ~  
le-12 4 s  
2e-14 4 s  

1.02e-19 1.02~-20 

1.02e-18 

1.02e-20 
1.02~- 19 1.02~-20 
1.02019 1.02~-20 
1.02~-16 
1.02~-17 
1.02~-20 5.10~-18 
1.02~-15 1.02~-21 

1.02e-18 

1.02~-18 1.02~-21 
1.02~- 17 1.02~-2 I 
1.02e-16 1.0212-20 
1.02131 9 
1.02e- 19 
1.02e-19 1.02~-18 
2.04e-21 2.04~-20 
2.04.e-21 2.04e-20 
2.04e-21 2.04e-20 
2.044321 2.04e-20 
1.02e-19 1.02~-20 
1.02e-21 
5.10e-20 
1.02e- 19 
2.04e-21 

Gray, 1993 

Gray, 1993 

Gray, 1993 
IAE.4,1990 
IAE.4, 1990 
I r n ,  1990 
I r n ,  1990 

Johnson et al., 1994 
Kelsall et al., 1985 

Meyer and Howard, 1983 

Pusch, 1982 
Pusch and Bijrgesson, 1989 
Pusch and Borgesson, 1989 
Pusch and Borgesson, 1990 

Pusch et al., 1989 
Pusch et al., 1989 
Pusch et al., 1989 
Pusch et al., 1989 
Pusch et al., 1989 
Pusch et al., 1989 
Pusch et al., 1989 
Pusch et al., 1987a 
Pusch et al., 1987a 
Pusch et al., 1987a 
Pusch et al., 1987b 



Table 2-8. Calculated Permeability Values for Compacted Bentonite 

NOTES REPORTED VA1,UES: SOUIiCE CALCUIATED 
PERMEABILITY 

(m9 
Hydraulic 

Conductivity Permeability 

Sodium bentonite 
Highly compacted bentonite 

Fresh-water conditions at low bulk densities 
Relationship between density and conductivity 

t n a v n m  L.K-.. 
(IVlAOUl UUIIGI 

le-6 to le-8 m / s  
2e-14 m / s  

1.02~- 13 
2.04e-21 

1.02e- 15 Puscli et al., 1987c 
SKB, 1978 

Bentonite b d e r  material 
Bentonite plugs 
50% bentonite/50% salt 

Reference to laboratory studies 5e-14 m / s  

<le-12 m / s  

5.10e-21 
1.02e- 19 

le-19 m2 1.00e-19 

SKI, 1984 
SKI, 1984 

Stormont, 1988 
Highly compacted - "according to SKBF 
At swelling pressure 2 Ml'a, clay density 1.6 &cm3 
Reference to Pusch that permeability of bentonite to 
brine is about an order of magnitude greater tlian to fresh water 

Water-saturated bentonite 
h, 
06 Sodium bentonite 

Permeability varies inversely with bulk density 
At density 1.75 gm/cm3 

le-12 to le-14 m / s  as 

le-13 m / s  

I .02e- 19 
1.0%-20 

1.02~-21 Van Sambeek et al., 1993 
Westinghouse, 1983 

Sodium Bentonite w/5-10% impurities 
Calcium Bentonite w/10-15% impurities 

-5e-11 to 7e-12 cm/s 
-7e-11 to le-11 cm/s 

5.10e-20 7.14e-21 Bradley et al., 1983 
7.14~-20 5.10e-22 Bradley et al., 1983 

Finley and Jones, 1994 Salt/Be$onite blocks 1: 1 mixture by weight, average properties 
water saturation = 42% 

< 1 e-6 darcy 
(brine) 

le-3 darcy (gas) 
no flow established 

4.9~-17 m2 4.90e-17 
1.3e-17 m2 1.30e-17 

1.02e-21 

Salrnentonite mixture 30% bentonite, 5% water content 
30% bentonite, 5% water content 
30% beritonite, 10% water content 
100% bentonite 
25% bentonite/75& quartz 

Pfeifle, 1991 
Pfeifle, 1991 
I'feifle, 1991 

Wtieelwight et al., 1981 
Wlieelwight et al., 1981 
Wheelwright et al., 1981 

Wheelwright et al., 1981 

Compacted Na Bentonite <le-12 cm/s 
7e-10 C ~ / S  

3e-4 c d s  

1.5e-5 cm/s 

7.14~-1 9 
3.06e-13 

1.53e-I4 

MX80 bcntoiiite and quartz 
sand 

4% bentonite 

8% bentmite 

Bentonite 
Salt/Ikntonite 
Clay liner test fill 

100% compressed bentonite block seal test 
50% crushed salt/50% bentonite block seals 
Sealed double ring infiltrometer 

le-6 darcy 9.87e-19 
le-3 darcy 9.87e-16 

2.45e-17 

Finley and Tillerson, 1992 
Finley and Tillerson, 1992 

Havlena and Stephens, 1992 2.4e-8 cm/s 

= 
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Table 2-8. Calculated Permeability Values for Compacted Bentonite 

MATERIAL NOTES REPORTED VALUES: 

BAT probe: Test 1 
BAT probe: Test 2 
Air entry permemeter 
Shelby tubes: Test 1 (laboratory analysis) 
Slielby tubes: Test 2 (laboratory analysis) 
Bulk density (saturated state) vs. 
hydraulic conductivity (avg. for room temp 
and 70°C) 

Highly compacted MX80 

CALCULATED 
PERMEABILITY 

(m9 
Hydraulic 

Conductivity Permeability 

8.8e-9 cm/s 

7.k-9 c d s  
2.6e-8 em/s 
7.3e-9 cmfs 
2.7e-9 cmfs 
le-14 m / s  

3e-14 m / s  
6e-14 m / s  

le-13 m / s  

8.97e-18 
7.54e-18 
2.65e-17 
7.44e-18 
2.75~-18 
1.02e-21 
3.06~-21 
6.12~-21 
1.02e-20 

SOURCE 

Havlena a id  Stepliens, 1992 
Havlena arid Stephens, 1992 
Havlena a id  Stephens, 1992 
Havlena and Stephens, 1992 
Havlena and Stephens, 1992 

i k h ,  i985 
Puscli, 1985 
Pusch, 1985 
Pusch, 1985 

3e-13 m f s  3.06~-20 Puscli, 1985 

Buffer material 50:50 sancl/bentonite mixture 
Backfill material 75:25 san4Lake Agassii clay 

(Lake Agassiz clay - 50% montmorillonite) 
mixed with 75% crushed p i i t e  
mixed with 50% crushed granite 
mixed wih 50% crushed granite 
mixed with 50% crushed granite 
mixed with 50% cruslied granite 

mixed with 50% crushed granite 
mixed with 75% crushed granite 
mixed d i  50% crushed *lite 
mixed with 50% crushed granite 
mixed with 50% crushed grariite 

Black Hills bentonite 

Penibina bentonite (Ca) 

le-12 to le-10 m / s  

le-10 to le-9 m / s  

1.2e-12 m f s  
3.7e-13 m f s  
8.2e-13 ds 
9.9~-13 m / ~  
6.9e-13 4 s  

1.6-12 m f s  
2.le-11 m f s  
3.7~-11 
4.2~-12 ds 
9.le-11 m / s  

1.02e-19 1.02e-17 
1.02e-17 1.02e-16 

1.22e- 19 
3.77e-20 
8.36e-20 
1.01e-19 
7.03e-20 
l.43e-19 
2.1k-18 
3.77e-18 
4.28e-19 
9.28e- I8  

Garisto and LeNeveu, 1989 
Garisto and LeNeveu, 1989 

Radhakrishna et al., 1989 
Radhakrishna et al., 1989 
Radhakrishna et al., 1989 
Radhakrishna et al., 1989 
Ratlhakrishna et al., 1989 
Hadhakrishna et al., 1989 
Radhakrishna et al., 1989 
Hadliakrisluia et al., 1989 
Radhakrishna et al., 1989 
Radhakrisluia et al., 1989 
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Figure 2-9. Compacted bentonite permeabilities for samples with 2 50% bentonite content. 
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Figure 2- 10. Relationship between compacted sodium bentonite intrinsic permeability and clay 
sample densky. 
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Figure 2- 1 1. Sodium bentonite permeability versus density. 

in two vertical boreholes. The bentonite blocks had initial dry densities of 1800 and 2000 kg/m3. 
Brine flow testing was conducted on one seal for approximately five years, and on the other for 
just over one year. The seals were just over 0.9 m in length. Pressure differentials of 0.72 and 
0.32 MPa were maintained across the bentonite seals with a brine reservoir on the upstream 
(bottom) of the seals for several years. Over the course of these seals tests, no visible brine was 
observed at the downstream end of the seals. Because the saturation state of the bentonite seals 
was unknown, determination of the absolute permeability of the bentonite seals could not be 
estimated precisely. However, a bounding estimate of 1 x lo-'' m2 was reported by Knowles and 
Howard (1996) for the bentonite seals. 

2.2.2.2 RATIONALE AND PARAMETER VALUE 

The material specification for the compacted bentonite specifies that the clay seals will be 
emplaced at a dry density of 1800 to 2000 kg/m3. The recommended clay permeability 
distribution is presented in Figure 2-12. To arrive at this PDF, a practical minimum for the 
distribution was specified at the lowest reported value of 1 x 
density of the bentonite emplaced in the seals only varying from 1800 to 2000 kg/m3, a 
maximum expected permeability of 1 x 
some uncertainty in the effective dry density of emplacement due to the difficulty of emplacing 
large columns of bentonite at high densities. To address this uncertainty, it was assumed that the 

m2. With the effective dry 

m2 was extrapolated from Figure 2-1 1.  There is 
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Figure 2- 12. Cumukative frequency distribution function for compacted bentonite. 

compacted clay may be emplaced at a dry density as low as 1600 kgm3, a situation not 
considered highly probable, but which could not be completely ruled out. At 1600 kg/m3, the 
maximum permeability for the clay would be approximately 5 x m2. Therefore, assuming 
no salinity effects, the range of Permeability becomes from 1 x m2, with a best 
estimate of less than 1 x lo-"' m 2, iissuming a best estimate emplacement density of 1800 kg/m3. 

to 5 x 

As discussed earlier, the 1ite:rature reports that salinity increases permeability. However, 
these effects are greatly reduced at the emplacement densities specified for the shaft seal. It is 
expected that, at the emplacement densities specified for the W P  shafts, the effect of salinity on 
material permeability will bte within an order of magnitude of the values reported in the literature 
for fresh pore water. Therelore, to account for salinity effects, the maximum permeability was 
increased by one order of magnitude from 5 x 
permeability was increased by one-half order of magnitude from 1 x m2, and 
the lower limit was held at :l x lo-'!' m2. Thus, the PDF recommended for PA calculations was a 
maximum permeability of 5 x lo-'" m2, a best estimate of 5 x 
1 x 

to 5 x lo-'* m2, the best estimate 
to 5 x 

m2, and a minimum of 
m2. This distribution function is shown in Figure 2-12. 

The DRZ permeability adjacent to the compacted clay columns was explicitly calculated 
and then combined with the clay setal permeability in the conceptual model as described in 
Section 4.0. 

2-32 



2.2.3 Porosity 

2.2.3.1 PARAMETER SOURCES 

The porosity of natural unconsolidated clays can vary from 0.4 to 0.8 (Freeze and Cherry, 
1979). Consolidated clay formations such as shales have much smaller porosities ranging from 
0.01 to 0.4 (Touloukian et al., 1981). Porosity values for compacted clay were not found in the 
literature. Therefore, the porosity of the clay seal material was calculated. 

2.2.3.2 RATIONALE AND PARAMETER VALUE 

The porosity of the compacted clay was calculated from Equation 2-9. The material 
matrix density was calculated from the specific gravity, G, as follows 

Pg = GPl (2-20) 

where p~ is the pore liquid density, which is assumed to be water (lo00 kg/m3). The specific 
gravity of a commercial bentonite (Volclay GPG-30) is 2.5 (Ran and Daemen, 1995). For 
compacted clay dry densities ranging from 1800 to 2000 kg/m3, the calculated porosity ranges 
from 0.2 to 0.28. The average value of 0.24 was recommended as the compacted clay total 
porosity. 

2.2.4 Pore-Volume Compressibility 

The bulk modulus of the clay seal components in the Salado will be transient because of 
the creep of the host rock after closure. Furthermore, the magnitude and rate of change of the 
clay bulk modulus will be dependent on the emplacement depth within the Salado Formation. 
However, the pore-volume compressibility was treated as a constant in the PA simulations. 
Therefore, a bulk modulus value at 150 years was used to calculate the pore volume 
compressibility. The bulk modulus increases as a function of time and by 150 years is nearly 
constant. A value at 150 years was chosen because it is more representative of the 10,000-year 
simulation period than the smaller values predicted for times less than 150 years. Assuming a 
compacted clay porosity of 0.24, pore-volume compressibilities of 1.81 x 
1.59 x loW9 1/Pa (calculated from Equation 2-13) were recommended for the upper and lower 
Salado compacted clay columns, respectively. 

and 

The bulk modulus of the Rustler clay column (component 4 in Figure 1-1) will not 
change as a function of time because the Rustler Formation will not creep in towards the shaft 
after closure. Therefore, the initial (emplaced) bulk modulus of 2.129 x lo9 Pa (RED, 1996) was 
used to calculate the Rustler clay column compressibility. Assuming a compacted clay porosity 
of 0.24, the pore-volume compressibility recommended was 1.96 x lo-’ 1/Pa for the Rustler 
compacted clay column. 
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2.2.5 Initial Wetting Phase Saturation 

The initial saturation of the compacted clay seal was estimated from the clay specific 
gravity, G, the seal porosity, and the: emplaced water content. The liquid saturation was 
calculated from Equation 2-1.9. Assuming a porosity of 0.24, a specific gravity of 2.5, and a 
water content varying from I O  to 12.%, the brine saturation varies from 0.79 to 0.95. For 
compliance calculation modeling purposes, an emplaced saturation of 0.79 was recommended for 
the compacted clay seal. The lower value was chosen because it is unlikely that the clay can be 
emplaced at liquid saturations approaching unity. 

2.3 Salado Mass Concrete 
The concrete mass components placed in the Salado Formation are constructed of a salt- 

saturated concrete called SN[C (Wakeley et al., 1994; 1995). Salt-saturated concrete is specified 
because freshwater concrete would dissolve part of the host rock. SMC is used as massive plugs, 
a monolith at the base of each shaft,, and in tandem with asphalt waterstops. Concrete is a rigid 
material that will support overlying seal components while promoting natural healing processes 
within the salt DRZ. 

Shaft station monoliths (component 13 in Figure 1-1) will be constructed at the base of 
each WIPP shaft. The purpose of the monoliths is to provide a structural component or platform 
on which the overlying shafi: seal m.aterials can be emplaced. The monoliths are assumed to 
provide no hydrologic barrier to fluids entering or exiting the repository and, as such, are not 
considered part of the sealing system for performance assessment analyses. 

2.3.1 Material Specifications 

Dry materials for SMC include cementitious materials, fine and coarse aggregates, and 
sodium chloride. The fine aggregate shall consist of natural silica sand, while the coarse 
aggregate shall consist of gravel. The SMC will have a strength of about 40 MPa at 28 days, and, 
will continue to gain strength after that time (Wakeley et al., 1993, as is typical of hydrating 
cementitious materials. Volume stability of the SMC will also be excellent, assuring a good 
bond with the salt. 

2.3.2 Intrinsic Permeability 

The intrinsic permeability ad the concrete column was treated as a random (transient) 
variable for the time period 0 to 400 years after seal emplacement. It was assumed that the 
concrete seals will not deteriorate. ‘Because the seal system design no longer relies on the 
concrete for sealing after 4010 years, the intrinsic permeability for times greater than 400 years 
was treated as a constant with significantly higher permeability, even though it is not expected 
that the concrete will degrade in this period of time. In addition, no credit is taken in the seal 
system design for sealing capabilities of the concrete monolith. Therefore, the intrinsic 
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permeability of the concrete monolith was treated as a constant for the period 0 to 10,OOO years 
with a significantly higher permeability. 

2.3.2.1 PARAMETER SOURCES 

After 400 years all concrete seal elements in compliance calculations were recommended 
to have a permeability equivalent to that of earthen fill (Section 2.5.2), which is equivalent to a 
silty-sand in texture and flow characteristics. For the period 0 to 400 years after seal 
emplacement, the concrete components were assumed to be comprised of SMC. No permeability 
testing has been reported in the literature on this SMC. Therefore, the intrinsic permeability of 
the concrete column immediately after seal emplacement (Le., 0 to 400 years) and its variability 
were derived from an experimental study performed for the shaft sealing system design (Pfeifle 
et al., 1996). 

In this study, two permeability tests were performed on concrete samples prepared from 
cores recovered from the WIPP SSSPT (Section 2.2.2) field experiments and one test on a SMC 
specimen prepared from a sample batched by the U.S. Army Corps of Engineers, Waterways 
Experiment Station (WES). The concrete used for the SSSPT was an expansive salt-saturated 
concrete (ESC). Field and laboratory experiments that determine permeability of the ESC 
contribute to the overall database of properties for salt-saturated concrete. However, it should be 
stressed that the mix-ture proposed for use at the WIPP is SMC. The samples were tested as 
received with no attempts made to dry the samples or to determine their moisture content. Each 
test was performed using nitrogen gas as the permeant, flowmeters to measure steady-state gas 
flow, and fluid pressure differences of either 0.3,0.6, or 0.75 MPa. The confining pressure in all 
tests was 1 MPa. Attempts were made to apply Klinkenberg corrections to measured values of 
permeability, but the range of 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. 

Eighteen permeability measurements were made by Pfeifle et al. (1996) on the three 
samples described above. The results are summarized in Table 2-9. The data illustrate that the 
permeabilities of SMC are different from the permeabilities of the SSSPT concrete. Permeability 
of the SMC sample ranged from 2.1 x to 7.51 x 
m2. Permeability of the SSSPT samples ranged from 3.0 x lo-’’ to 5.04 x 10- m with an 
average of 2.18 x lo-’’ m2. The data are plotted as a function of pressure gradient in Figure 
2-13, which emphasizes the observed differences between the two types of concrete. Knowles 
and Howard (1996) presented results of field permeability tests performed on the SSSPT 
concrete seals 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 
1.0 x 
These ranges encompass the laboratory values of concrete permeabilities measured by Pfeifle et 
al. (1996). 

m2 with an average of 4.71 x 
19 2 

-17 2 to 1.0 x 10 m and from 
19 2 to 1.0 x 10- m , respectively, for the 1985 to 1987 and the 1993 to 1995 tests. 
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Table 2-9. Summary of Gas Permeability Measurements for SMC and SSSPT Concretes (after 
Pfeifle et al., 1996) 

Specimen Identification No.(a) Fluid Pressure Intrinsic Permeability@’ 
20 2 Gradient (MPa) ( 1  x 10- m ) 

10.20 
0.30 3 .OO 
0.60 5.82 
0.60 34.50 
0.75 50.40 
0.75 4.29 
0.30 8.01 
0.60 37.90 
0.30 42.90 

MAC314-1/1 0.30 22.70 
0.30 10.40 
0.60 22.00 
0.75 3 1 .OO 

MAC3 13-2/1 0.30 

40SM4-19/2- 1/1 0.30 
0.30 
0.30 
0.60 
0.75 

0.75 1 
0.4 13 
0.410 
0.210 
0.57 1 

(a) Specimens MAC313-Ul and MAC314-1/1 were prepared from cores recovered from the SSSPT. Specimen 
40SM4-19/2- 1/1 was prepared from S’MC cores batched by WES. 

(b) Nitrogen gas permeability. 

2.3.2.2 RATIONALE AND PARAMETEIR VALUE 

After 400 years, all concrete: seal components were assumed to have the equivalent 
permeability of earthen fill (Section 2.5.2), as discussed above. Therefore, the effective 
permeability of the concrete seal at times greater than 400 years and the concrete monolith from 
0 to 10,000 years were assumed to be in the range of 1 x m2. The median 
value of this range, 1 x 
calculations. 

m2 and 1 x 
m2, was recommended for use as a constant value in the PA 

The intrinsic permeability of the concrete column prior to 400 years was derived from the 
experiments as described above. These data were derived from gas permeability measurements in 
which no Klinkenberg corrections were applied to the measured values. The Klinkenberg 
corrections were expected to be sm,all because of the low mean pressure gradients used in the 
tests. However, the reported values of permeability contain bias because the Klinkenberg 
corrections could not be made. The true values are expected to be somewhat lower. The 
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Figure 2- 13. Permeability versus pressure difference determined from laboratory testing of SMC 
and SSSPT concretes. 

reported values of permeability also contain a second bias. The SMC and SSSPT specimens 
contained some moisture and, therefore, were not fblly saturated with gas during the gas 
permeability measurements. Thus the true gas permeability is expected to be somewhat higher 
than the measured (relative) permeabilities. Klinkenberg and relative permeability effects could 
result in variations of 10 to 20% for the experimental conditions. 

Magnesium-rich brines are known to cause degradation of cementitious materials such as 
SMC (Wakeley et al., 1994). Degradation would increase the permeability of SMC components. 
In this analysis, it was assumed that the asphalt column extending from the Rustler/Salado contact 
into the Salad0 salt will protect all SMC seal components from effects of magnesium-rich brines 
during the specified performance period. 

The permeability values presented in Table 2-9 were transformed using logarithms (base 
10) and plotted in terms of a frequency histogram as shown in Figure 2-14. Based on the shape of 
the histogram, a triangular distribution fbnction was fitted to the frequency data to obtain the PDF 
defined in terms of Equations 2-5 and 2-6. The CDF was obtained from the PDF through 
integration of Equations 2-5 and 2-6 over the limits from a to u and u to b, respectively. The best 
estimator, u, was calculated from the transformed permeability data using Equation 2-7. The PDF 
determined fiom this procedure is superposed on the experimental fiequency histogram in 
Figure 2- 14. 
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Figure 2-14. Experimental frequency histogram and log triangular PDF for permeability of SMC 
concrete-laboratory data only. 

# 

The interface between the !salad0 salt and the SMC components may provide a flow path 
around the SMC Components. This flow path is possible ifa smaII aperture develops as the 
concrete is curing or if the interface degrades because of corrosive brines. If such a flow path 
occurs, the effective permetability of the SMC will increase. Because of this uncertainty, the upper 
bound permeability determined from the procedure described above may be too low. To address 
this uncertainty, the upper bound permeability was increased to a transformed value of -1 7, which 
corresponds to a permeability of 1 .O x m’. The value of 1 .O x lo-’’ m’ 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 
1.0 x 
shaft radius or smaller, the effective permeability of the concrete was about 1 .O x 
regardless of the value selected foir the permeability of the SMC seal. With the assumed increase 
in upper bound permeability, the permeability of the SMC seal components was also treated as a 
random variable defined by a log triangular distribution with a best estimator of 1.78 x lo-’’ m2 
and lower and upper limits of 2.0 x lo-’’ and 1 .O x 10- m , respectively. The recommended 
distribution function parameters fclr SMC concrete are summarized in Table 2- 10. Figures 2-1 5 
and 2-16 show the PDF and CDF for this distribution, respectively, as well as the experimental 
data. 

m2 and concrete permeabilities were varied from 
to 1.0 x lo-’’ R?. Assiuming the interface zone had a thickness of 0.001 times the 

m2 

17 2 
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Figure 2-15. Experimental frequency histogram and log triangular PDF for permeability of SMC 
concrete, upper bound relaxed to account for uncertainty in concrete-salt interface. 
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Table 2- 10. Log Triangular Distribution Function Parameters for SMC Permeability 

Lower Bound Best Estimator (m2) Upper Bound 
Permeability (m2) Permeability (m2) 

2.0 x 101-21 1.78 x 10-l~ 1.0 x 10-l~ 

No DRZ was specified adjacent to the concrete because of the healing effects of the stiff 
concrete and the ability of th.e asphalt waterstops to intersect the DRZ. 

2.3.3 Porosity 

2.3.3.1 PARAMETER SOURCES 

Data used in the devt:lopment of the best estimator of porosity for SMC were derived 
from Wakeley et al. (1995), where air entrainment was measured in both “green” SMC and cured 
SMC concrete cores. Air entrainment measurements were assumed to be representative of 
porosity. Measurements of air entrainment were made for 19 batches of “green” SMC. For each 
batch, air entrainment was determined at two distinct times, once at the beginning of the mixing 
process and once near the end of the mixing process (approximately two hours). Table 2-1 1 
summarizes the values of air entrainment reported by Wakeley et al. (1995). Air entrainment 
values of “green” SMC ranged from 1.1 to 3.4% with an average of 2.0%. 

- 

Wakeley et al. (1995) also determined air entrainment from concrete cores recovered 
from two SMC cast monoliths identified as 161SM3 and 231SM3. These monoliths were 
prepared by discharging the portions of the SMC into oval galvanized metal tanks with 
approximate dimensions of 4 x 8 x 3 ft. The SMC was allowed to flow freely from one end of 
the tank to the opposite end of the ti&. The placing and consolidating procedures for the two 
batches were different. For Batch 161SM3, the concrete was placed in one continuous lift 3 ft 
deep and received minimal vibration. An internal vibrator having a 341-1. diameter head was 
inserted four times after the tank was filled. Each insertion lasted approximately 3 seconds. For 
Batch 231SM3, concrete was placed in two lifts each 1.5 ft deep and vibrated according to 
common practice. The same vibrator was inserted into both lifts 12 times. The duration of each 
insertion was 6 to 8 seconds. 

After the monoliths had cured for six months, cores were recovered from six locations 
within the monoliths to obtain samples for determining air entrainment (and other 
characteristics). The locatioiis included three horizontal sampling positions located at the 
discharge, near the middle, and at the far end and two vertical sampling depths located at the top 
and bottom. Air voids were determined by sectioning the samples and using petrographic 
techniques. Table 2-12 summarizes the values of entrainment measured for these 12 samples. 
Air entrainment values of the cast SMC ranged from 1.5 to 4.5% with an average of 3.2%. 
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Table 2-1 1. Summary of Air Entrainment for “Green” SMC (after Wakeley et al., 1995) 

Air Entrainment (%) 

Batch Start of Mixing End of Mixing‘”’ 

097SM5 
106SM5 
113SM5 
133SM5 
153SM5 
106SM3 
1 13SM3 
133SM3 
153SM3 
174SM3 
190SM3 
024SM4 
025SM4 

03 2SM4( M) 
032SM4(A) 

040SM4 
159SM3 
161SM3 
23 1SM3 

3.3 
2.4 
2.0 
1.2 
2.2 
2.4 
1.9 
1.7 
3.4 
1.3 
NA 
2.0 
2.2 
1.7 
1.9 
2.0 
1.6 
1.7 
2.0 

2.7 
2.4 
1.3 
1.6 
1.5 
1.9 
1.9 
1.9 
2.0 
1.1 
NA 
2.0 
2.1 
1.8 
1.8 
2.3 
1.6 
2.0 
2.4 

Average = 2.0% 
(a) Obtained approximately two hours after mixing. 

Table 2-12. Summary of Air Entrainment for Cast SMC Monoliths (after Wakeley et al., 1995) 

Air Entrainment‘a’ (%) 

Batch Vertical Position 
within 

Horizontal Position within Monolith 

At Discharge At Middle At Far End Monolith 
~~~~ 

161SM3 TOP 3.7 3.3 4.4 

23 1 SM3 TOP 2.4 1.5 2.1 

Bottom 4.2 4.4 4.5 

Bottom 3.2 2.5 1.7 
Average = 3.2% 

(a) Determined using petrographic techniques. 
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2.3.3.2 RATIONALE AND PARAMETE33 VALUE 

The analysis presented for porosity of SMC assumed that air entrainment as measured 
either by standard procedures for concrete or by petrographic techniques accurately represents the 
porosity of the SMC. A review of the data presented above showed that the average porosity of 
SMC based on all measurements is 2.27%. The average values of “green” and cast SMC samples 
are 2.0 and 3.2%, respectively. The: technique, by which the SMC will be emplaced in the field 
operation, includes the use of a slickline to transport the SMC from the surface to the 
emplacement depth, a tremie line to move the SMC from the slickline exit point to the 
emplacement location, and use of no vibration. The best analog to this emplacement technique 
currently available is the technique used to cast the 161SM3 monolith because this latter 
technique involves minimal vibration and small to moderate transport distances (at least for the 
concrete contained at the far end of the galvanized tank). The 161SM3 air entrainment data 
suggest that air entrainment in the field may range from 3.3 to 4.5% (with an average over 4%) 
and may be slightly correlated with transport distance (concrete placed at the far end of the 
monolith had slightly higher air contents). Based on this rationale, the field-emplaced air 
entrainment of SMC may be: greater than 4%. The field-emplaced SMC will likely have air 
entrainment values of approximately 5% based on the work by Wakeley et al. (1995). Therefore, 
the best estimator for the porosity of SMC seal components was assigned to be 5%. This 
porosity was recommended for the concrete column at all times and the concrete monolith. 

It should be noted that the nnass concrete placement uses neat concrete (Le., no rebar) so 
the need to vibrate (as is normal for civil construction) is minimized. In addition, mass 
placement at the WES demonstrated that a porosity of 5% can be achieved without tremie line 
placement and with only minimal vibration. Because the construction method specified for the 
shaft uses tremie line placernent (a conventional construction. method) air voids are minimized. 

2.3.4 Po re-Vo I ume Corn press i bi I ity 

2.3.4.1 PARAMETER SOURCES 

Data used in the development of the best estimator of bulk modulus for SMC were 
derived from two sources: (1) literature reviews and (2) testing of both SMC cores and concrete 
cores recovered from the SSSPT. 

RISD (1996) performed a literature review to develop material properties for use in rock 
mechanics analyses of SMC: sealing materials. Their review revealed relatively few references, 
primarily because the SMC is a spe:cially designed mix that has been developed only recently 
(Wakeley et al., 1994; Wakeley et $a1.,1995) and thus has been subjected to very little mechanical 
testing. Citing Wakeley et id. (1994) and Van Sambeek (1987), values were selected for Young’s 
modulus and Poisson’s ratio of 30.10 GPa and 0.2, respectively. Using Equation 2-15, the bulk 
modulus for SMC was calciilated tio be 16.7 GPa. Wakeley et al. (1995) have reported values for 
Young’s modulus as deternlined from unconfined compression tests of SMC. However, no 
lateral strain measurements were made during the testing, so Poisson’s ratio could not be 
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determined. Furthermore, bulk modulus could not be calculated because only values of Young’s 
modulus were determined from the testing. 

In view of the limited data in the literature and from direct testing of SMC, additional 
testing was performed on WIPP concretes to obtain estimates of bulk modulus (Pfeifle et al., 
1996). A total of three compression tests was performed to measure Young’s modulus and 
Poisson’s ratio. These values were then used to compute bulk modulus. One test was performed 
on SMC batched and cast at WES, while two tests were performed on concrete recovered from 
the SSSPT. The results of the testing are summarized in Table 2-13 and show that the value of 
bulk modulus determined for SMC and SSSPT concrete is 19.2 and 30.0 GPa, respectively, 
which is approximately 15% and 80% higher than that used in the rock mechanics analyses 
(RISD, 1996). The concrete components emplaced in the Salad0 Formation are expected to 
comprise materials nearly identical to the SMC tested in the laboratory by Pfeifle et al. (1996). 

2.3.4.2 RATIONALE AND PARAMETER VALUE 

The elastic moduli of SMC, such as bulk modulus, are age-dependent as reported by 
Wakeley et al. (1994). At early times, the bulk modulus is low. As the concrete cures, the bulk 
modulus increases until it reaches a constant value at approximately 100 to 200 days. The bulk 
modulus versus curing time relationship is nonlinear with a rapid increase in bulk modulus 
values at early times. For example, the bulk modulus reached nearly 85% of its peak value at a 
curing time of only 28 days. Because the bulk modulus of SMC achieves its peak value in short 
times relative to the times anticipated to construct the complete sealing system, it was assumed 
that the SMC achieves its peak value immediately after emplacement (i.e., age-dependent effects 
on bulk modulus are negligible). The best estimator for the bulk modulus of SMC components is 
16.7 GPa. Assuming a concrete porosity of 0.05 (Section 2.3.3.2) and using Equation 2-13, the 
pore-volume compressibility for SMC was calculated to be 1.2 x 1Pa. However, the value 
of pore-volume compressibility that was recommended for PA calculations was 2.64 x 1Pa. 
This value was based on a porosity of 0.023, which was the porosity originally recommended. 
Upon further investigation and technical review, the porosity was changed to 0.05 as is reflected 
in this report. The pore volume compressibility, which is dependent on porosity, was not 
similarly updated for the compliance calculations. It should be noted that performance 
calculations are not sensitive to this parameter. Consequently, the use of the incorrect value 
should not significantly impact the results of the PA calculations. 

2.3.5 Initial Wetting Phase Saturation 

Air entrained during construction of the concrete components will exist as occluded 
vesicles, and may be considered inaccessible to brine that permeates the cementitious matrix. 
The cementitious materials consist of hydrated calcium sulfates and aluminosilicates. It was 
therefore recommended that the initial brine saturation of the concrete components be 1 .O in the 
PA calculations. 
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Table 2-13. Summary of Elastic Properties for Salad0 Mass Concrete Determined from 
Laboratory Tests (after Pfeifle et al., 1996) 

Specimen I.D. Confining Piressure Elastic Properties 

Young's Modulus Poisson's Bulk Modulus(a) (MPa) 

(GPa) Ratio (GPa) 

40SM4-19/2-l/l'b' 0 
MAC313-2/1"' 0 
.MAC3 14-1/1(') 5 

36.3 0.185 19.2 
40.8 0.278 30.6 
41.9 0.264 29.6 

(a) Calculated from Young's moddus and Poisson's ratio. 
(b) Batched and cast at the Waterways Experiment Station. 
(c) Recovered from the SSSFT field experiment. 

2.4 Asphalt 

Asphalt is a widely used construction material with properties considered desirable for 
sealing applications. Asphalt is a strong cement, is readily adhesive, highly waterproof, and 
durable. Furthermore, it is a plastic substance that provides controlled flexibility to mixtures of 
mineral aggregates with which it is usually combined. It is highly resistant to most acids, salts, 
and alkalis. A number of asphalts and asphalt mixes are available that cover a wide range of 
viscoelastic properties, which allows the properties of the mixture to be designed for a wide 
range of requirements for each application. These properties are well suited to the requirements 
of the WIPP shaft seal system. 

2.4.1 Material Specifications 

Asphalt mastic mix (AMM) is a mix of asphalt cement, sand, and other mineral fillers. 
The mix design specifies that the air void volume will be between 1 and 2% and that the mix 
consists of 20 wt % asphalt cement (AR-4000 graded asphalt), 70 wt % aggregate (silica sand), 
and 10 wt % hydrated lime. The AMM aggregation gradation completely passes a No. 8 Sieve 
(particle diameter 2.36 mm). 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 minimize possible 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 antimicrobial agent. 
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2.4.2 Intrinsic Permeability 

2.4.2.1 PARAMETER SOURCES 

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 asphalt. No permeability values were found for 
an AMM which shares the expected low-void volume and high-asphalt content that is expected 
in the shaft seal. 

One of the most common uses of asphalt is in hot-mix asphalt concrete (HMAC) for the 
construction of pavement. The permeability of HMAC can be measured in situ by placing a 
container of water on the pavement surface, sealing the edge and measuring the rate at which the 
water permeates into the pavement. Lay (1986) reported that these permeabilities can be 
expected to range from 2.0 x 
These values are not representative of AMM. AMM is expected to have porosities on the order 
of 1%, whereas HMAC may have porosities exceeding 10%. 

to 2.0 x m2, with 2 x m2 being a typical value. 

Several investigators have found that the permeability of asphaltic materials is related to 
the porosity, or percent of air voids, of the material. Brown (1990) investigated the density of 
asphalt concrete and the relationship between air voids and permeability. Brown (1990) reported 
that asphalt mixtures become permeable to water at approximately 8% air voids. In the ten 
projects studied, permeability was sufficiently low as long as the voids were below 8%. 
However, the permeability increased quickly as the void level increased above 8%. Therefore, 
asphalt mixes were considered impermeable (to have low permeability) to water as long as the air 
void content was below approximately 8%. 

Terrel and Al-Swailmi (1993) also investigated the effect of air voids on the performance 
of asphalt pavements by studying the relationship between voids and permeability. They found 
that HMAC with minimal voids that were not interconnected were essentially impermeable. 
When air voids increased beyond some critical value, they became larger and interconnected and 
water flowed more easily through the HMAC. They found that at an air void volume of 4% or 
less, the HMAC was almost impermeable to water. In the laboratory, permeability, air void 
percentage, and degree of saturation were measured for six samples, two each with 30,8, and 4% 
air voids. The specimens with high air voids (30%) resulted in permeabilities of 6.82 x and 
1.28 x m2. The specimens with lower air voids (8%) resulted in permeabilities of 
1.54 x and 1.25 x 
reported as impermeable. When the air voids were reduced by a factor of approximately four, the 
permeability decreased by two orders of magnitude. Therefore, when the asphalt specification of 
1% air voids is considered (a factor of 8 reduction from the middle air void percentage), the 
permeability could be expected to be 3 to 5 orders of magnitude less than 1 x 

m2. The specimens with the lowest air voids (4%) were simply 

m2. 
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At Hanford, experiments are ongoing to develop a passive surface barrier designed to 
isolate wastes (in this case to prevent downward flux of water and upward flux of gases) for 1000 
years with no maintenance (Freeman et al., 1994). The surface barrier uses asphalt as one of 
many horizontal components, since low-air-void, high-asphalt-content HMACs are noted for low 
permeability and improved mechanically stable compositions. The design objective of this 
asphalt concrete was to limit infiltration to 1.6 x cm/s (1.6 x lo-" m/s or, for fresh water, an 
intrinsic permeability of 1.6 x lo-'* m2). The asphalt component of the barrier was composed of 
a 15-cm layer of asphaltic concrete overlain with a 5-mm layer of fluid-applied asphalt (FAA). 
Myers and Duranceau (1994.) reported that the asphalt concrete is a high-asphalt content product 
designed to minimize the void spacles. The reported hydraulic conductivity of the asphalt 
concrete was estimated to be 1 x lCr9 m/s (equivalent to an intrinsic permeability of 
approximately 1 x 
the hydraulic conductivity of the FAA was estimated to be 1 .O x lo-' to 1 .O x lo-'' cm/s 
(equivalent to an intrinsic pmneability of approximately 1.0 x 
fresh water). 

m2 assuming fresh water). Myers and Duranceau (1994) reported that 

to 1.0 x lo-'' m2, assuming 

Recent measurements of both in situ and laboratory hydraulic conductivity on the HMAC 
portion of the Hanford prototype barrier show that the asphalt layers easily meet the Resource 
Conservation and Recovery Act (RCRA) standard of 1 x 
conductivity measurements using a new field falling head technique showed an average of 
2.39 x lo-* to 2.39 x 
conservative estimate by the: investigators. Falling head permeability measurements were made 
on a variety of samples in support of the prototype barrier, including HMAC cores from the north 
end of the 5-acre prototype lmrrier, FAA membrane samples taken during application on the 
prototype, and HMAC test specimens prepared in the laboratory. The core samples taken from 
the north end of the prototype barrier resulted in an average hydraulic conductivity of 
4.69 x lo-'' c d s  (4.78 x 10-19 m2). Measurements made on the FAA membrane (polymer- 
modified asphalt) showed an extrernely low permeability of less than 1 .O x lo-' ' cm/s 
(1.0 x 10- m ), which was the minimum hydraulic conductivity that could be measured with the 
laboratory setup. Test specimens prepared using standard Marshall mix design procedures were 
tested in the laboratory using the falling head technique. A range of hydraulic conductivity from 
2.09 x to 2.12 x lo-'' c d s  (2!.13 x m2) was measured for an asphalt 
content range of 6.5 to 7.5 vtt % (Freeman et al., 1994). 

c d s .  In-place hydraulic 

16 2 a d s  (2.4M x to 2.44 x 10- m ). This was considered to be a 

20 2 

to 2.16 x 

In related research, Freeman and Gee (1989) investigated the properties of rubberized 
asphalt, a solid material at ambient temperature that is sprayed as a hot liquid onto a geotextile 
fabric. When cool, the mattxial exlhibited dramatic elastic properties that allow it to stretch up to 
13 times its original length without rupturing or exhibiting significant deformation. The material 
is used commercially to line: water storage ponds. Permeameter tests resulted in hydraulic 
conductivities of less than 1.6 x and 6.0 x lo-" cm/s ( 4 . 6  x and 6.1 x m2). 

Several asphalt material handbooks and properties books were reviewed for applicable 
permeability information of asphalt-rich materials. Abraham ( 1962) reported the permeability of 
asphalts to water at 25°C in terms of a permeability constant, with units of [(g)(cm)/(sq cm)(mm 
Hg)(hr) x lo9]. This unit of measurement can be converted to an intrinsic permeability by 
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multiplying by viscosity and dividing by the density of water. The measured permeabilities and 
the converted permeabilities in units of m2 are reported in Table 2-14. The permeability of these 
asphaltic materials ranged from 5.8 x to 8.5 x 10 
Zakar, 1971) reported similar permeability constants for water vapor for various engineering 
materials (at temperatures between 21.1 and 25 "C) in terms of a coefficient of diffusion, defined 
as the grams of water vapor, at a pressure differential of 1 mm Hg, that diffuse through 1 cm of 
the substance whose surface area is 1 cm2 in the period of 1 hour. These values were not used 
because of uncertainty in their applicability. 

m '. Other sources (Barth, 1962; 

Engelmann et al. (1989) reported on the modeling of a dam constructed to be a bulkhead 
in the Asse salt mine in Germany. Their initial estimate of the permeability of a liquid asphalt 
bitumen with a basalt filler at a density of 1650 kg/m3 and a viscosity of 2 x lo6 P a ~ s  was 
1 x loq2' m2. This value is consistent with the literature reviewed and the low permeability 
proposed for the asphalt column. 

Robert Romine, a research scientist in the Environmental Technology Division of Pacific 
Northwest National Laboratories (PNL), is one of the principal investigators working on the 
development of the Hanford Barrier. He is also a technical expert contracted to SNL for help 
with the development of the specifications for the shaft seal AMM. Based on Romine's 
experience designing and testing asphalt engineered barriers, he expects the permeability of the 
WIPP AMM seal to be less than 1 x m2. 

2.4.2.2 RATIONALE AND PARAMETER VALUE 

Table 2- 14 summarizes the various sources of hydraulic conductivity for a range of 
asphaltic materials, from typical asphalt concrete pavement to bitumen. Calculated 
permeabilities for these materials range from 5 x 
permeability are representative of asphalt concretes that have much higher void volumes than the 
AMM seal being designed for the WIPP shafts. Therefore, these permeabilities are not 
representative of the WIPP seal AMM. The permeability of the seal AMM is expected to be less 
than 1 x 10 m because of the low design air void content of 1% for the AMM. The 
permeability of the AMM is expected to be of this magnitude based on (1) Romine's (PNL) 
experience with the Hanford Barrier and the very low field permeabilities measured on it and 
(2) the previously mentioned literature, in particular Myers and Duranceau (1994). 

to 2 x m2. The higher values of 

-20 2 

Considering a permeability of 1 x m2 to be a practical lower limit to permeability 
measurements, this value was assumed to define the lower limit of the asphalt seal permeability. 
The upper limit of the asphalt seal permeability was assumed to be 1 x m2. This value was 
based on consideration of the uncertainty associated with how well the asphalt column will seal 
the halite DRZ in the uppermost portion of the Salad0 Formation. The recommended intrinsic 
permeability of the asphalt column was defined as a log triangular distributed parameter, with a 
best estimate value of 1 x 10 m , a minimum value of 1 x m2, and a maximum value of 
1 x 

-20 2 

m2, as shown in Figure 2-17. 

2-47 



Table 2- 14. Literature Hydraulic Conductivity Values for Asphalt 
~~ 

Material Reported Permeability Calculated Permeability (m2) Source 

Permeability of bitumens to water 
(25OC) 

(gm cm/cm2 mmHg hr) Abraham, 1962 

Air-blown asphalt 9.00 10-~ 1.88 x 
Air-blown asphalt 6.80 10-9 1.42 x lo-” 
Steam-refined asphalt 6.00 10-~ 1.25 x 
Steam-refined asphalt 4.10 10-~ 8.54 x 
Coal-tar pitch 7.00 x 10-~ 1.46 x lo-’’ 
Plasticized pitch (35% 2.80 10-~ 5.83 x 

,,:, CIl-..\ 
IllUl~;rUllb 111101 J 

Rubberized asphalt tested in small- 6.0 x lo-’’ cm/s 6.1 x Freeman and Gee, 1989 
tube lysimeters < 1.6 x cm/s < 1.6 x 

Freeman et al., 1994 In-place measurements on HMAC 2.39 x to 2.39 x cm/s 2.44 x to 2.44 x 
Measurements on cores in laboratory 4.69 x lo-’’ cm/s 4.78 10-l~ 
Fluid-applied asphalt membrane 1.0 x lo-’’ cm/s 1.0 x 
Test specimens-Marshall mix design 2-12 10-l~ to 2.09 10-1~ cm/s 2.16 x to 2.13 x 

Lay, 1986 Field permeability of asphaltic 
concrete: 

Range of values 20 to 2000 d s  2.0 1 0 - l ~  to 2.0 10-l~ 
Typical value 200 d s  2.0 10-l~ 

Fluid-applied asphalt layer 
(as surface coating) 1994 

Asphalt pavements: 

1.0 x 10-’O to 1.0 x lo-” cm/s 1.0 x 10-l~ to 1.0 x io-2o Myers and Duranceau, 

30% air void volume 1.28 x and 6.82 x m2 1.28 x and 6.82 x Terrel and Al-Swailmi, 
08% air void volume 
04% air void volume “impermeable” “impermeable” 

1.54 x lO-”and 1.25 x 10- 15 m 2 1.54 x lO-”and 1.25 x lo-’’ 1993 
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Figure 2- 17. Asphalt column permeability cumulative frequency distribution function. 

2.4.3 Porosity 

The porosity of the AMM was specified in the material specifications for the shaft seal 
system. The asphalt column composed of an AMM will have an air void content (porosity), 
between 1 and 2%. It was recommended that a porosity of 0.01 (1%) be used for the asphalt 
column in the PA calculations. The lower limit of the expected asphalt porosities was chosen 
based on the professional judgment of Romine, who indicated that the porosity would be 
designed to be 0.01 (1%) or less. 

2.4.4 Pore-Volume Compressibility 

The bulk modulus used for asphalt to perform creep closure calculations is 3.371 x lo9 Pa 
(RISD, 1996). Assuming an asphalt porosity of 0.0 1,  the pore-volume compressibility for the 
asphalt column is 2.97 x lo-* lPa ,  which was recommended for use in PA calculations. 

2.4.5 Initial Wetting Phase Saturation 

No pore water is expected to be present in the asphalt column after emplacement. Water 
is not used in the mixing or emplacement of the asphalt column. The asphalt column will be 
placed at a temperature that will prevent water from being present as a liquid phase within the 
asphalt column. Trapped vapor or gases should vent while cooling. As a result, it was 
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recommended that the water saturation of zero be used for the asphalt column in the compliance 
calculations. This water saturation was allowed to increase up to 10% as necessary for modeling 
purposes. 

2.5 Compacted Earthen Fill 

Compacted earthen fill will be emplaced from the surface to the top of the Rustler 
Formation in the shaft seal system. Earthen fill is not considered a primary seal material, and 
because of the expected minor importance of the earthen fill components, all parameters 
pertaining to earthen fill were not sampled in PA calculations, but were assigned best estimate 
values. 

2.5.1 Material Specificaltions 

Because a material specification for earthen fill was not given for the shaft seal system 
design, reference values were used to define the earthen fill physical properties. The earthen fill 
was classified in terms of textural piroperties. In terms of the Unified Soil Classification, the 
earthen fill will be SM (silty sand, sand-silt mixtures) or SC (clayey sand, clay-sand mixtures) 
(RISD, 1996). Geotechnical properties which are useful in the estimation of porosity and 
saturation of the earthen fill were found in the soils literature and are summarized in Table 2- 15. 
The earthen fill will be compacted on emplacement. 

2.5.2 Intrinsic Permeability 

2.5.2.1 PARAMETER SOURCES 

Several sources were reviewed to determine a representative range for the intrinsic 
permeability of silty and clayey sands (SM and SC soils according to the Unified Soil 

Table 2- 15. ]Reference Properties for Compacted SM and SC Soils 

Parameter Units Range of Reported Values Source 
Void Ratio -- 

~~ ~~ ~~~ 

0.48 U.S. Bureau of Reclamation, 1977 
~~~ ~ ~~~ 

Average Placement -_ 0.145 to 0.147 U.S. Bureau of Reclamation, 1977 
Water Content 0.127 to 0.142 U.S. Bureau of Reclamation, 1987 

Unit Weight lb/ft3 114 to 115 U.S. Bureau of Reclamation, 1977 
112 to 115.6 

kg/1n3 1826.10 to 1842.12 U.S. Bureau of Reclamation, 1987 
1794.07 to 1851.73 
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Classification). Table 2- 16 summarizes the reported hydraulic conductivity values found for 
these types of sediments and converts those values into intrinsic permeabilities. Three of the 
references listed in Table 2-16 (Freeze and Cherry, 1979; Davis and Dewiest, 1966; Marsily, 
1986) reported a range of hydraulic conductivity for silty and clayey sands. The two other 
references are dam design manuals published by the Department of Interior's Bureau of 
Reclamation which provide hydraulic conductivity estimates specific for SM and SC soils. 
Figure 2- 18 presents the reported ranges in permeability for silty and clayey sands. All of the 
literature sources, with the exception of one, reported a maximum permeability for these types of 
soils of 1 x 
unconsolidated silty sand of 0.002 m/s, which converts to a permeability of 2.04 x lo-'' m2. This 
value was not considered a maximum permeability value because the earthen fill in the shaft will 
be compacted. 

m2. Freeze and Cherry (1979) reported a maximum hydraulic conductivity for 

2.5.2.2 RATIONALE AND PARAMETER VALUE 

Because the earthen fill will be compacted and because the permeability of the earthen fill 
column will be controlled by low permeability lifts (layers), the maximum permeability assumed 
for earthen fill was 1 x 10 m2, 
and the minimum permeability was assumed to be 1 x m2. The minimum value was based 
on actual measurements of hydraulic conductivity of compacted SM and SC soils (U.S. Bureau 
of Reclamation, 1977; 1987). The recommended permeability distribution was log triangular 
with the maximum, best estimate, and minimum values as specified previously. Figure 2-19 
presents the recommended distribution function for the earthen fill; as discussed previously, the 
best estimate value was used in compliance calculations as a constant. 

-12 2 m . The best estimate permeability was assumed to be 1 x 

Table 2-16. Reported Hydraulic Conductivity for Silty and Clayey Sands 

Range of Reported Range of Calculated 
Hydraulic Conductivity Intrinsic Permeability (m2) 

Source 

0.1 to 12.3 Wyear 9.8 x to 1.21 x U.S. Bureau of Reclamation, 1977 
0.01 to lo00 ft/year U.S. Bureau of Reclamation, 1987 

1 x IO4 to 0.001 cm/s Davis and Dewiest, 1966: Table 6.1 
1 x to 0.002 m/s 1.0 x to 2.04 x lo-'* Freeze and Cherry, 1979: Table 2.2 

9.8 x lo-'' to 9.85 x 

1.0 x lo-'' to 1.02 x 

1 x lO-'to 1 x m/s 1.0 x to 1.02 x Marsily, 1986: Page 78 
Assumed constants: 

Water density = 1060 kg/m3 
Gravity = 9.806 d s 2  
Viscosity = 0.001 Paas 
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Marsily, 1986 

Freeze and Chertv. 1979 
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Figure 2-18. Representative range of intrinsic permeability for silty and clayey sands. 
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Figure 2- 19. Cumulative frequency distribution function for earthen fill. 
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2.5.3 Porosity 

The porosity of the earthen fill was calculated from the void ratio e, where e = $/( 1 - @) 
(Farmer, 1983). The void ratio for SM and SC soils was reported to be 0.48 (U.S. Bureau of 
Reclamation, 1977). The porosity of the earthen fill was calculated to be 0.32 (32%), and this 
was the recommended value. 

2.5.4 Pore-Volume Compressibility 

The compressibilities reported by Freeze and Cherry (1979) for clays range from 1 x 
to 1 x lo4 1Pa. The range of compressibility for sands reported by Freeze and Cherry (1979) is 
from 1 x 
silt, and sand. From the ranges reported in Freeze and Cherry (1979), a representative 
compressibility of 1 x lo-' 1/Pa was selected. Dividing this compressibility by a porosity of 0.32 
yielded a recommended pore-volume compressibility of 3.1 x 

to 1 x 1Ra. The earthen fill seal material will consist of a mixture of clay, 

1Pa. 

2.5.5 Initial Wetting Phase Saturation 

The initial wetting phase saturation was calculated from the water content, specific 
gravity, and porosity using Equation 2- 19. Table 2-15 provides literature estimates of emplaced 
water contents and the void ratio of SM and SC soils. The porosity was calculated from the void 
ratio to be 0.32. A representative water content after emplacement for compacted SM and SC 
soils is approximately 0.14 (see Table 2-15). The specific gravity of the earthen fill was 
calculated using: 

G = (e+l)- Pd 

P W  

where (Farmer, 1983): 

(2-2 1) 

e = void ratio (0.48), 
pd = dry density or unit weight (average of 1828 kg/m3), and 
pw = fluid density (assumed to be 1000 kg/m3). 

The average specific gravity was calculated to be 2.70 for the earthen fill. Assuming a water 
content of 0.14 and a porosity of 0.32, the recommended fluid saturation of the earthen fill was 
estimated to be 0.8 using Equation 2-19. 
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3.0 TWO-PHASE FLOW PROPERTIES 

Modeling of a system containing two phases, such as brine and gas, requires knowledge 
of the capillary pressure and relative permeability curves for each phase. These characteristic 
curves have not been determined for the shaft seal materials. However, they can be estimated 
using functional relationships found in the literature (Corey, 1954; Brooks and Corey, 1964; 
Brooks, 1965; Brooks and Corey, 1966; Mualem, 1976; van Genuchten, 1980; van Genuchten 
and Nielsen, 1985; Parker et al., 1987; and Luckner et al., 1989). 

Webb (1992) performed an in-depth literature review of the relationships for determining 
two-phase characteristic curves. In addition, he conducted detailed comparisons of various 
relationships to literature data. Based on those comparisons, he concluded that no single model 
best fits all the data, and he further recommended the use of two models for future performance 
assessment calculations. He referred to these two models as the mixed Brooks and Corey model 
and the van GenuchtenParker model. Parameters for the van GenuchtenParker model can be 
derived from the Brooks and Corey model; shaft seal parameters were derived from the Brooks 
and Corey model. 

This section presents two-phase flow properties for the shaft seal materials, beginning 
with a review of the two capillary pressure and relative permeability models recommended by 
Webb (1992). The parameters used to describe these models are then de'fined. Available 
literature values for those parameters are presented for different geologic and shaft seal type 
materials. There are no literature or measured values for the two-phase flow properties of the 
materials specific for the WIPP shaft seals. Therefore, the two-phase properties were not 
specified for each seal material but were adopted universally for all seal material types except for 
the asphalt seal, as will be discussed in the following section. 

3.1 Model Review 

Brooks and Corey (1964, 1966) and Brooks (1965) observed that capillary pressure and 
effective saturation have a linear relationship on a log-log plot and defined that relationship by: 

where: 

and 

S e  = effective saturation, 
S = saturation, 
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S,  = residual saturation, 
S, = critical saturation, 
Pt = threshold displacement pressure, 
P,  = capillary pressure, and 

3L = pore-size distribution inidex. 

Brooks and Corey (1964) assumed a value of unity for the critical saturation. Equation 3-1 
applies only to the region wlhere the effective saturation is less than the critical saturation and 
greater than the residual saturation. 

Substituting Equation 3-1 into the Burdine (1953) approximations for the wetting phase 
relative permeability, kW, and the nlon-wetting phase relative permeability, k,,, Brooks and 
Corey (1964) obtained: 

(3-3) 

and 
k,,, = (I - Se)2 (I - SL2+""") (3-4) 

Webb (1992) defined what lie referred to as a mixed Brooks and Corey model, which 
assumes the critical-saturation in Equation 3-2 is unity for development of the capillary pressure 
and wetting phase relative permeability curves using Equations 3-1 and 3-3, respectively, but not 
for development of the non-,wetting phase relative permeability using Equation 3-4. The shaft 
seal properties recommendeld here assumed a unit critical saturation in all cases, thus eliminating 
a distinction between the mixed and original Brooks and Corey models. 

Van Genuchten (1980) approximated the wetting phase relative permeability derived by 
Mualem (1976) by adopting the folKowing relationship between effective saturation and capillary 
head: 

S,  = [l+(ah)"Jm (3-5) 

where: 
a, n, and m = fitting parameters, and 

h = capillary heald. 

Van Genuchten (1980) obtained a closed form solution to Mualem's approximation by restricting 
the values of m and n to: 

1 o r n = -  1 m = I - -  
n 1 -m 

With this restriction and a conversion from head to pressure, Equation 3-5 becomes: 

(3-6) 
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Substituting Equation 3-7 into Mualem's approximation for wetting phase relative permeability, 
van Genuchten (1980) obtained: 

2 
k ,  = Sell2 1 - (1 - Sellm) "1 (3-8) 

Van Genuchten (1980) did not develop a relationship for the relative permeability of the 
non-wetting phase. However, Parker et al. (1987) extended Mualem's model and obtained the 
following relationship for the non-wetting phase relative permeability: 

(3-9) 

The combination of the van Genuchten (1980) expressions for capillary pressure (Equation 3-7) 
and wetting phase relative permeability (Equation 3-8), and the Parker et al. (1987) expression 
for the non-wetting phase relative permeability (Equation 3-9), is referred to by Webb (1992) as 
the van GenuchtedParker model. 

Assuming unit critical saturation for both phases, the Brooks and Corey model requires 
values for the threshold pressure, the wetting and non-wetting phase residual saturations, and the 
pore-size distribution index or h. Similarly, the van GenuchtenParker model requires values for 
the fitting parameters m and a, the residual wetting phase saturation, and the residual non-wetting 
phase saturation. To define one set of parameters which is consistent for both models, 
relationships between the parameters required by the two models were needed. The relative 
permeability expressions for the Brooks and Corey model and the van GenuchtedParker model 
can be related through the parameters A and rn by (Webb, 1992): 

h 
h + l  

m = -  (3-10) 

WIPP PA (1992- 1993) relates the threshold pressure parameters, a and Pt, for the two models by 
equating Equations 3-1 and 3-7 at an effective saturation of 0.5. 

The following subsection discusses the parameters recommended for the Brooks and 
Corey model. In summary, these parameters are threshold pressure, residual wetting and non- 
wetting phase saturations, and pore-size distribution index or h. For the shaft seals, the wetting 
phase is brine, and the non-wetting phase is gas. It was assumed that by employing suitable 
transformations like those proposed by W P  PA, 1992-1993, the parameters required by the van 
GenuchtenParker model could be determined using the recommended parameter values. 

The Brooks and Corey model for capillary pressure (Equation 3-1) was not recommended 
for use for the asphalt seal material. Asphalt is a hydrophobic material. Using the threshold 
pressure, residual saturations, and h values described below, and the low initial brine saturation, 
the asphalt seal would maintain large suction pressures attracting water. Because this behavior 
was not considered consistent with a hydrophobic material, a linear capillary model was 
proposed for asphalt. Here, the capillary pressure varied from 0.0 to 0.1 MPa over brine 
saturations ranging from zero to one with algebraic sign adjusted to represent a hydrophobic 



material. For PA calculations, which allow only hydrophilic materials, a zero capillaq 
was used. The treatment of the asphalt relative permeabilities was the same as for the 
seal materials. 

31.2 Parameter Estimates 

A literature search was conducted to develop estimates for the four parameters 
describe the two-phase flow characteristic curves for the shaft seal materials. The follc 
subsections describe the literature review, the recommended value, the range, and the t 
distribution for threshold pressure, residual saturations, and pore-size distribution inde 

3.2.1 Th res ho Id Press uire 

3.2.1.1 PARAMETER SOURCES 

In his literature search, Davies (1991) found two approaches for estimating thre 
pressure for geologic materials. Thie first approach employs a capillary tube model, wl 

where: 

o = surface tension, 
4 = porosity, 
k, = pore shape factor, 
T = tortuosity, and 
k = intrinsic permeability. 

The second approach uses csrrelations between threshold pressure and intrinsic perme; 
These correlations have been reported for unconsolidated material in the soils literaturc 
consolidated rock in the petroleum literature. Development of these correlations was t: 
fitting observed data with a  power curve having the form: 

b y = a x  

For consolidated material, literature: values for the coefficient range from 3 x to 9 
and literature values for the exponent range from -0.34 to -0.37 (Davies, 1991). The li 
correlations separately considered carbonate, anhydrite, shale, and sandstone materials 
(1991) constructed a best-fit power curve to the combined data for all lithologies to ob 

P, = 5.6 x 10-7k-0.346 
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where Pt is the threshold pressure in MPa and k is the intrinsic permeability in m2. For intrinsic 
permeabilities less than 
the capillary tube model to be less accurate than those estimated using the intrinsic permeability 
correlations. 

m2, Davies (1991) found the threshold pressures estimated using 

Pihlajavaara (1991) conducted gas permeability tests on normal concretes under wet 
conditions. Based on the results of 23 tests, he developed the relationship between threshold 
pressure and permeability shown in Figure 3-1. His results covered a threshold pressure range of 
about 0.3 to 10 MPa and a permeability range of about 
threshold pressure increasing as concrete permeability decreases. The results of Pihlajavaara 
( 199 1) were compared to the threshold pressure-permeability correlation given in Equation 3- 13. 
Using Equation 3-13, the calculated threshold pressures for permeabilities of lo-'', 
and m2 are 10.3,4.7,2.1, and 0.9 MPa, respectively. These calculated values fall within 
the experimental data from Pihlajavaara (1991) for permeabilities between and m2. 
For a permeability of 
Figure 3- 1. It appears, however, that the experimental threshold pressure data of Pihlajavaara 
(1 99 1) are limited for this range of permeability and that the threshold pressure estimated using 
Equation 3-13 is consistent with the trend of the shaded area in Figure 3-1. This suggests that the 
correlation between threshold pressure and permeability given in Equation 3- 13 is appropriate to 
use for the concrete seal materials as well as for seal components based on geologic materials. 

to m2. Figure 3-1 shows 

the calculated threshold pressure value falls above the shaded area in 

bar I 

Figure 3-1 

1 o-6 1 o - ~  1 o4 10" 10-l 10' rnillidarcy 
10-15 2 m 10-21 10-20 10-19 10-18 10-17 10-16 

Permeability (k) 
lRI-6121-378-0 

. Threshold displacement pressure curve (after Pihlajavaara, 199 1). 
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3.2.1.2 PARAMETER VALUE 

Based on Davies (1991), the correlation between the threshold pressure and the intrinsic 
permeability given in Equation 3- 13 was recommended for determination of the threshold 
pressure for all shaft seal materials, with the exception of asphalt as discussed in Section 3.1 , in 
performance assessment calculatioins. The distribution for the threshold pressure was therefore 
controlled by the distribution of the intrinsic permeability for each seal material. 

3.2.2 Residual Saturatilon 

3.2.2.1 PARAMETER SOURCES 

A literature search was conducted to obtain residual saturation values for consolidated 
geologic materials, concrete:, and asphalt. Residual liquid saturations for geologic materials 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 1 1 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 as reported by Lappala 
et al. (1987) were averaged and divided by the reported porosity to obtain a residual liquid 
saturation for each soil. Parker et ad. (1987) fit their saturation-pressure relationship to observed 
data to obtain residual saturiations for a sandy and clayey porous medium. Residual water 
contents reported by Rawls et al. (1 982) for 1 1 soil texture classes were divided by the reported 
porosity to obtain residual saturations. The literature residual saturation values for geologic 
materials are summarized in Table 3- 1 and graphed in Figure 3-2. Residual gas saturations for 
geologic materials were not found during the literature search. 

Residual liquid and gas saturations for normal concrete were found in Mayer et al. (1992). 
They report a residual liquid saturation of 0.30 and a residual gas saturation of 0.18. The residual 
liquid saturation was estimated by IMayer et al. (1992), and the residual gas saturation was 
determined based on gas permeability testing. Data regarding residual liquid and gas saturations 
in asphalt materials were not found in the literature. 

3.2.2.2 PARAMETER VALUE 

The literature values of resildual 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 (see 
Table 3-1 and Figure 3-2). :Figure 3-2 shows a relatively uniform distribution of values between 
0.0 and 0.4. For the purpose of compliance calculations, it was recommended that an expected 
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. 
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Table 3-1. Literature Values of Residual Liquid Saturations for Geologic Material and 
Concrete 

Material Residual Liquid Saturation Reference 

Consolidated Rock 
Berea Sandstone(a) 0.299 Brooks and Corey (1964) 
Hygiene Sandstone'b' 0.577 Brooks and Corey (1964) 
Hygiene Sandstone 0.572 Lappala et al. (1987) 

Sand 
Sand 
Sand (texture class) 
Fine Sand G.E. 13 
Fine Sand G.E. 13 
Volcanic Sand 
Del Monte Sand 
Fresno Medium Sand 
Sandy Porous Media 
Unconsolidated Sand 
Fragment Fox Hill SS 

0.110 
0.046 
0.186 
0.167 
0.157 
0.08 1 
0.085 
O.OO0 
0.146 
0.300 

Lappala et al. (1987) 
Rawls et al. (1982) 
Lappala et al. (1987) 
Brooks and Corey (1964) 
Brooks and Corey (1 964) 
Lappala et al. (1987) 
Lappala et al. (1987) 
Parker et al. (1 987) 
Lappala et al. (1987) 
Brooks and Corey (1964) 

Loamy Sand 
Loamy Sand (texture class) 0.080 Rawls et al. (1982) 

Sandy Loam 
Columbia Sandy Loam 
Sandy Loam (texture class) 

0.282 
0.091 

Lappala et al. (1987) 
Rawls et al. (1982) 

Loam 
Adelanto Loam 0.374 Lappala et al. (1987) 
Loam (texture class) 0.058 Rawls et al. (1982) 

Silt 
Limon Silt 0.009 Lappala et al. (1987) 

Touchet Silt Loam 0.337 Lappala et ai (1987) 
Touchet Silt Loam (GE 3) 0.270 Brooks and Corey (1964) 
Silt Loam (texture class) 0.030 Rawls et al. (1982) 

Silt Loam 

Sandy Clay Loam 
Sandy Clay Loam (texture class) 0.17 1 Rawls et al. (1982) 

Clay Loam 
Clay Loam (texture class) 0.162 Rawls et al. (1982) 

Silty Clay Loam 
Silty Clay Loam (texture class) 0.085 Rawls et a]. (1982) 

Sandy Clay 
Sandy Clay (texture class) 0.253 Rawls et al. (1982) 

Silty Clay 
Silty Clay (texture class) 0.117 Rawls et al. (1982) 
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Table 3-1, Literature Values of Residual Liquid Saturations for Geologic Material and 
Concrete 

Material Residual Liquid Saturation Reference 

Clay 
Yo10 Light Clay 0.299 Lappala et al. (1987) 
Clayey Porous Media 0.360 Parker et al. (1987) 
Clay (texture class) 0.189 Rawls et al. (1982) 

Fragmented Mixture 
Fragmented Mixture 0.276 Brooks and Corey (1964) 

Concrete 
Normal Concrete 0.300"' Maver et al. (1992) 

(a) Core perpendicular to bedding planes. 
(b) Core contained no visible bedding planes. 
(c) Estimated. 

Consolidated Material a 
0 Fragmented Mixture 

Sand 
0 Loamy Sand 
+- SandyLoam 
a- 0 Loam 

b Silt -- A Silt Loam 

Cllay Loam 
0 Sandy Clay Loam 

0 Silty Clay Loam 
Sandy Clay 

0 Silty Clay 
1 4B - 0 Clay 

- - l t l l l l l t ' l ' l ' l l l l l t t  
0 Concrete 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Residual Liquid Saturation 
TRl-6121-3650 

Figure 3-2. Residual 1 iquid saturation distribution by geologic material. 
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Literature values for residual gas saturation of geologic materials were not found. A single value 
of 0.18 was found for normal concrete. Because of the lack of data, value and range were 
assumed for the seal components. The recommended expected value was 0.2, and the 
recommended range was 0.0 to 0.4 with a uniform distribution for all shaft seal materials. 

3.2.3 Pore-Size Distribution Index 

3.2.3.1 PARAMETER SOURCES 

A literature search was conducted to find lambda (pore-size distribution, h) values for 
geologic materials (Table 3-2) and concrete. For geologic materials, 8 1 h values were found in 
five references (Brooks and Corey, 1964; Mualem, 1976; Rawls et al., 1982; Haverkamp and 
Parlange, 1986; and Lappala et al., 1987). In addition, 38 h values were calculated from values 
of the van Genuchten parameter n (see Equation 3-5) 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 Wosten and van Genuchten, 1988). Values for h were calculated from 
n values using the relationship (Webb, 1992): 

h = mn (3-14) 

Substituting the restricted form of rn as given in Equation 3-6 into Equation 3- 14 yields: 

h = n-1 (3-15) 

The total number of h 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 h 
and/or n for the same materials. The different lambda values were arithmetically averaged to 
obtain a single value for the material. This procedure yielded h values for a total of 85 different 
geologic materials. 

Brooks and Corey (1964) reported h values for five unconsolidated samples and two 
consolidated samples determined by fitting to observed capillary pressure curves. Values for 42 
soils determined by fitting to observed drainage data are presented in Mualem (1976). Rawls et 
al. (1982) gave h values for the 1 1 USDA soil texture classes. They fit the measured water 
retention-matrix potential data reported in 26 sources and averaged within texture classes. 
Haverkamp and Parlange (1986) reported h values for ten sandy soils. They estimated the value 
using the cumulative particle-size distribution function. Values determined by fitting to 
experimental data for 11 soils were given in Lappala et al. (1987). 

Van Genuchten (1980) reported n values for five soils. These values were determined by 
fitting his model to measured conductivity curves. Values of n for four soils determined by 
fitting to observed data were given in van Genuchten and Nielsen (1985). Hopmans and 
Overmars (1986) determined n values for a Norfolk sandy loam at two soil temperatures by 
fitting to experimental data. Parker et al. (1987) reported n values for a sandy porous medium 
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Table 3-2. Literature Values of h for Geologic Materials 

Material 3L Reference 

Consolidated Rock 
Berea Sandstone(a' 
Berea Sandstone 

average 

Hygiene Sandstone(b' 
Hygiene Sandstone 
Hygiene Sandstone 
Hygiene Sandstone 

average 

Tottori Sand 
Preston Sand 
Gormley Sand 
Botton Sand 
Netherlands Coarse- 
Textured 

topsoils"' 
subsoils'"' 

Netherlands Medium- 
Textured 

topsoils"' 
subsoils'd' 

topsoils(d' 
subsoildd' 

Lacustrine Sediments 
thinly laminated clay to 
silty clay 
massive clay to silty cLay 
thin bedded silt 
thin bedded clay 
thin bedded silts, clay imd 

Netherlands Fine-Textured 

3.69 
2.13 
2.9 1 

4.17 
3.78 
9.4 
2.9 
6.75 

2.157 
1.653 
1.861 
1.723 

0.59 
1.01 

0.22 
0.27 

0.1 1 
0.12 

0.65 

0.66 
0.8 
0.9 
0.85 

clayey silt 

Sand 
Sand 
Sand 
Sand 

average 

Sand (texture class) 
Beit Dagan Sand 

1.83 
2.87 
0.84 
1.85 

0.694 
0.37 

Brooks and Corey (1964) 
Mualem (1976) 

Brooks and Corey (1964) 
Mualem (1976) 
van Genuchten (1980) 
Lappala et al. (1987) 

Haverkamp and Parlange (1986) 
Haverkamp and Parlange (1986) 
Haverkamp and Parlange (1986) 
Haverkamp and Parlange (1986) 

Wosten and van Genuchten (1988) 
Wosten and van Genuchten (1988) 

Wosten and van Genuchten (1988) 
Wosten and van Genuchten (1988) 

Wosten and van Genuchten (1988) 
Wosten and van Genuchten (1988) 

Stephens et al. (1988) 

Stephens et al. (1988) 
Stephens et al. (1988) 
Stephens et al. (1988) 
Stephens et al. (1988) 

Mualem (1976) 
Mualem (1976) 
Lappala et al. (1987) 

Rawls et al. (1982) 
Mualem (1976) 
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Table 3-2. Literature Values of h for Geologic Materials 

Material 

~ 

h Reference 

Sand (continued) 
Fine Sand GE 13 
Fine Sand GE 13 
Fine Sand GE 13 

average 

Volcanic Sand 
Volcanic Sand 

average 

Volcanic Sand 
Plainfield Sand 
Del Monte Sand 
Fresno Medium Sand 
Molonglo River Sand 
Botany Sand Fraction 
River Sand (screened) 
Gilat Fine Sand 
Rehovot Sand 
Pouder River Sand 
Sable de riviere 
Grenoble Sand 1 
Grenoble Sand 2 
Grenoble Sand 3 
Grenoble Sand 4 
Grenoble Sand 5 
Grenoble Sand 6 
Sand Fraction 

(1 50-300 pm) 
Sand Fraction 

(150-300 pm) 
Sand Fraction 

Sand Fraction 
(1 .&OS mm) 

GE No. 2 Sand 
Sandy Porous Media 
Unconsolidated Sand 

(0.5-0.25 mm) 

1.98 
3.7 
3.7 
3.13 

1.65 
2.29 
1.97 

1.3 
1.45 
2.5 
0.84 
0.96 
8.35 
1.57 
0.27 
0.83 
2.92 
0.92 
1.523 
2.309 
1.479 
2.984 
1.454 
1.587 
4.94 

11.67 

5.69 

2.8 

4.05 
0.84 
4.4 

Mualem (1976) 
Lappala et al. (1 987) 
Brooks and Corey (1964) 

Mualem (1976) 
Brooks and Corey (1964) 

Mualem ( 1976) 
Mualem (1976) 
Lappala et al. (1987) 
Lappala et al. (1987) 
Mualem (1976) 
Mualem (1976) 
Mualem (1976) 
Mualem (1976) 
Mualem (1976) 
Mualem (1976) 
Mualem (1976) 
Haverkamp and Parlange (1986) 
Haverkamp and Parlange (1986) 
Haverkamp and Parlange (1986) 
Haverkamp and Parlange (1986) 
Haverkamp and Parlange (1986) 
Haverkamp and Parlange (1986) 
Mualem (1976) 

Mualem (1976) 

Mualem (1976) 

Mualem (1976) 

van Genuchten and Nielsen (1985) 
Parker et al. (1987) 
Lappala et al. (1987) 

Brooks and Corey (1 964) 

Mualem (1976) 

Fragmented Fox Hill 1.92 

Fragmented Fox Hill 2.61 

average 2.27 

Sandstone 

Sandstone 

Loamy Sand 
Loamy Sand (texture class) 0.553 Rawls et al. (1982) 
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Table 3-2. Literature Values of h for Geologic Materials 

Material h Reference 

Sandy Loam 
Columbia Sandy Loam 
Rubicon Sandy Loam 
Gilat Sandy Loam 

1.6 
2.08 
0.44 

Lappala et al. (1987) 
Mualem (1976) 
Mualem (1976) 

Norfolk Sandy Loam 20°C 
Norfolk Sandy Loam 44.5 "C 

average 

1.403 
1.339 
1.37 1 

Hopmans and Overmars (1986) 
Hopmans and Overmars (1986) 

Sandy Loam (texture class) 0.378 Rawls et al. (1982) 

Loam 
Guelph Loam 
Guelph Loam 

average 

sarpy Loam 

Adelanto Loam 
Adelanto Loam 

average 

0.4 1 
1.03 
0.72 

0.6 

0.5 
0.5 1 
0.5 1 

Mualem (1976) 
van Genuchten (1980) 

van Genuchten and Nielsen (1985) 

Mualem (1976) 
Lappala et al. (1987) 

Pachappa Loam 0.42 Mualem (1976) 
Indio Loam 0.81 Mualem (1976) 
Loam (texture class) 0.252 Rawls et al. (1982) 

Silt 
Silt Mont Cenis 0.36 Mualem (1976) 
Limon Silt 0.22 Lappala et al. (1987) 

Silt Loam 
Touchet Silt Loam 
Touchet Silt Loam 
Touchet Silt Loam 

average 

Touchet Silt Loam (GE 3) 
Touchet Silt Loam (GE 3) 
Touchet Silt Loam (GE 3) 

average 

1.71 
2.59 
1.7 

2.00 

1.89 
1.82 
6.09 
3.27 

Mualem (1976) 
van Genuchten and Nielsen (1985) 
Lappala et al. (1987) 

Mualem (1976) 
Brooks and Corey (1964) 
van Genuchten (1980) 

Caribou Silt Loam 0.9 1 Mualem (1976) 
Grenville Silt Loam 0.34 Mualem (1976) 
Ida Silt Loam (>15 cm) 0.38 Mualem (1976) 
Ida Silt Loam (0-15 cm) 0.27 Mualern ( 1976) 
Silt Loam GE 3 1.06 van Genuchten (1980) 
Silt Loam (texture class) 0.234 Rawls et al. (1982) 
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Table 3-2. Literature Values of h for Geologic Materials 

Material h Reference 

Sandy Clay Loam 
Sandy Clay Loam (texture 0.319 Rawls et al. (1982) 

class) 

Clay Loam 
Rideau Clay Loam 1.62 Mualem (1976) 
Clay Loam (texture class) 0.242 Rawls et ai. (1982) 

Silty Clay Loam 
Weld Silty Clay Loam 
Weld Silty Clay Loam 

average 

1.52 
4.45 
2.99 

Mualem (1976) 
van Genuchten and Nielsen (1985) 

Amarillo Silty Clay Loam 2.35 Mualem (1976) 
Silty Clay Loam (texture , 0.177 Rawls et al. (1982) 

class) 

Sandy Clay 
Pachappa Fine Sandy Clay 0.44 Mualem (1976) 
Sandy Clay (texture class) 0.223 Rawls et al. (1982) 

Silty Clay 
Shluhot Silty Clay 0.2 Mualem (1 976) 
3 Rawls et al. (1982) Silty Clay (texture class 

Clay 
Beit Netofa Clay 
Beit Netofa Clay 

average 

0.19 
0.17 
0.18 

Mualem (1976) 
van Genuchten (1980) 

Yo10 Light Clay 0.25 Lappala et al. (1987) 
Clayey Porous Media 0.86 Parker et al. (1987) 
Clay (texture class) 0.165 Rawls et al. (1982) 

Slate 
Slate Dust 5.69 Mualem (1976) 

Fragmented Mixture 
Fragmented Mixture 2.65 Mualem (1976) 
Fragmented Mixture 2.89 Brooks and Corey (1964) 

average 2.77 
(a) 
(b) 
(c) 
(d) 

Core perpendicular to bedding planes. 
Core contained no visible bedding planes. 
Average of four values reported in reference. 
Average of three values reported in reference. 
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and a clayey porous medium which they determined by fitting to observed data. Stephens et al. 
(1988) determined five n values for three stratigraphic units underlying the IT Corporation's 
Imperial Valley Facility located in southern California. The values were determined by fitting to 
the data obtained from in situ field testing. A single value was determined for two units, and 
three values were determined for a third stratified unit. The latter were for individual clay and 
silt layers and for the composite unit. Wosten and van Genuchten (1988) used observed 
hydraulic conductivity and water retention data from soils in the Netherlands to obtain n values. 
They reported 20 average values for 105 coarse-textured samples, 43 medium-textured samples, 
and 49 fine-textured samples. Table 3-2 summarizes the literature values of h and their sources. 

Figure 3-3 shows a Ilistogram, and Figure 3-4 shows a cumulative distribution function 
for all values found in the literature. The distribution as a function of geologic material is shown 
in Figure 3-5. 

For concrete, a literature search yielded only one reference (Mayer et al., 1992). This 
reference indicated that the Corey (1 1954) relationships were appropriate for describing the two- 
phase characteristic curves :For the inormal concretes they tested. These relationships for the 
wetting and non-wetting phase relative permeabilities are: 

k, = S: 

and 

(3-16) 

(3-17) 

Mayer et al. (1992) replaced the effective saturation with a term they refer to & the normalized 
liquid saturation: 

(3-18) 

where: 

Snl = normalized liquid saturation, 

$2 = residual liquid saturatioin, and 
S,, = residual gas saturation. 

S = liquid saturation,, 

Comparison of Equaiions 3-16 and 3-17 to the Brooks and Corey model (Equations 3-3 
and 3-4) shows that the use of a h value of two in the Brooks and Corey model reproduces the 
Corey equations. This indicates that the Brooks and Corey model with a h value of two fits the 
experimental concrete data in Mayer et al. (1992). Such a value falls within the range found for 
geologic materials. Data regarding h values for asphalt materials were not found in the literature. 
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Figure 3-3. Frequency histogram and cumulative frequency histogram of h values found 
in the literature. 

3.2.3.2 PARAMETER VALUE 

The h values found in the literature range from 0.1 1 to 1 1.67 and have a median of 0.94. 
Based on the shape of the histogram and cumulative distribution function, it appeared that the 
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 values could be described by a normal 
distribution. Figure 3-6 shows the standardized log cumulative h data, the bounds yielded by the 
Lilliefors test, and the cumulative standard normal distribution. The standardized sample value 
as calculated by Iman and Conover (1983) is: 

where: 

1nX - p z =  
d 

(3-19) 

Z = standardized sample value, 
X = raw sample value, 
p = sample mean, and 
u = sample standard deviation. 
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Figure 3-5. Lambda distribution by geologic material. 
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The mean of the log h values was found to be -0.064 with a standard deviation of 1.08. The 
Lilliefors bounds represent the region within which 95 % of normally distributed values will fall. 
Figure 3-6 shows that the log h values found in the literature fall within the Lilliefors bounds 
and, therefore, can be treated as normally distributed. 

For compliance calculations, it was recommended that a lognormal distribution be used to 
sample h values for the seal components constructed from granular earth materials (i.e., earthen 
fill, compacted clay, and reconsolidated crushed salt). The expected value recommended was 
0.94 which is the median of the literature values for geologic materials (Table 3-2). The 
recommended range for the lognormal distribution was 
absence of literature data, the same distribution type, expected value, and range were also 
recommended for the concrete and asphalt seal components. 

to or 0.1 1 to 8.1. In the 

3.3 Comparison of Recommended Two-Phase Flow Parameters 
to Previously Used Values 

Two-phase flow properties for the seal material have not previously been reported for 
performance calculations. However, it was considered useful to compare the values 
recommended in this document to those used for other WIPP performance analyses. The Salado 
Formation consists of low-permeability materials and was considered the closest analog to the 
low-permeability seal materials within the WIPP database. In addition, the two-phase parameters 
for the Salado halite and anhydrite layers have been evaluated more extensively than those for 
any other material simulated in the repository. Therefore, the recommended values for the seal 
materials are compared only to those used previously for the Salado units. Sensitivity studies 
conducted for the 1992 PA indicated that variation of two-phase parameters in the Salado halite 
did not significantly affect results of the calculations. Thus performance calculations for the 
CCA assigned constant values to the two-phase parameters in the Salado halite. Parameter 
values used in the 1992 Preliminary Performance Assessment ( W P  PA, 1992-1993) and for 
performance calculations conducted in support of the CCA (U.S. DOE, 1996) are compared to 
those recommended for the seal components in Table 3-3. The recommended values are 
consistent with those used in both of these publications. 
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Figure 3-6. Log cumulative h data standardized compared to the Lilliefors bounds and the 
cumulative standard normal distribution. 

Table 3-3. Comparison of Parameter Values 

Parameter 1992 Preliminary Compliance Recommended Values 
Performance Certification for Seal Materials* 
Assessment Application 

Threshold Pressure 5.6 x k-0.3'16 5.6 x kae3& 5.6 x k-0.346 
(MPa) 
Pore-size Distribution 0.2 - 10 0.7 0.11 - 8.1 
Parameter 
Two-Phase Model 1/3 of calcxdations Brooks-Corey Brooks-Corey 

used Brooks-Corey ; 
2/3 of calcxdations 
used van Genuchten 

Residual Brine 0.0 - 0.4 0.3 
Saturation 
Residual Gas 0.0 - 0.4 0.2 

0.0 - 0.6 

0.0 - 0.4 
Saturation 
* All seal materials except asphalt; a linear model was recommended for asphalt 
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4.0 DISTURBED ROCK ZONE 

The zone of disturbed salt around the excavation is termed the disturbed rock zone, or 
DRZ. The DRZ in the bedded halite of the Salado Formation forms immediately upon 
excavation and is thought to develop progressively as the salt formation creeps toward the 
opening (Stormont, 1990b). From a sealing perspective, the most important and controlling 
characteristic of the DRZ is its enhanced permeability which results from dilatant deformation 
and the resultant increased pore volume. 

This section presents the methodology used to incorporate the Salado DRZ into the 
conceptual model for compliance calculations. The first subsection provides a description of the 
DRZ. The second subsection discusses the permeability and extent of the D E .  The DRZ 
permeability characterization data, measured field and laboratory data, and model predictions are 
presented. These were used to provide insight into the magnitude and variation of the DRZ 
permeability as a function of radial distance from the shaft excavation. The third subsection 
describes the use of this information in development of a model for calculating an effective DRZ 
permeability. The model predicted an effective permeability that was applied over the radial 
extent of the DRZ. The method furnished for implementation of the effective DRZ permeability 
into the model is then described. The modeling of the WIPP shaft system did not explicitly 
incorporate the DRZ. Rather, the DRZ permeability was accounted for by combining it with the 
seal permeability. The calculations needed to combine seal and DRZ permeability and the 
methodology used to combine the four WIPP shafts into a single shaft for the PA model is 
explained. 

4.1 Description of the DRZ 

The Salado salt located immediately adjacent to the WlPP shafts is expected to be 
disturbed or damaged as a result of initial shaft excavation operations and time-dependent 
dilatant inelastic deformation that continues as long as the shaft remains open (Van Sambeek et 
al., 1993; Stormont, 1990a). Van Sambeek et al. (1993) referred to the disturbed zone which 
forms upon mining as the initial DRZ and the subsequent disturbed zone which forms as a result 
of creep deformation and stress redistribution as the secondary D E .  Both the magnitude and 
extent of damage in the Salado DRZ are time-dependent because the micromechanical 
deformation mechanism governing the dilatant inelastic deformation of the salt is a time- 
dependent micro-fracturing mechanism (Chan et al., 1992). This mechanism is operable only 
under a limited range of stress states, specifically high stress difference relative to low mean 
stress. At the shaft wall, the mean stress in the salt is low relative to the stress difference because 
the shaft serves as a stress concentrator, the magnitude of which depends on in situ stress 
conditions (e.g., stress produced by the overlying rock units or overburden). The stress 
difference in the salt relative to the mean stress significantly decreases with distance from the 
shaft as the stress-concentrating effect of the shaft is reduced. Therefore, damage in the salt is 
greatest at the shaft wall and decreases rapidly as distance from the shaft increases. Additionally, 
because the stress difference is a function of overburden pressure, the magnitude and extent of 
damage are also a function of depth. The Salado DRZ is expected to have the following 
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characteristics: (1) increased volume resulting from micro- or macro-fracturing, (2) increased 
fluid (gas or liquid) permeability, (:3) decreased brine saturation, (4) decreased load-bearing 
capacity, and (5) decreased pore pressure (Stormont, 1990a; Van Sambeek et al., 1993). Because 
of these properties, the DW: could act as a vertical flow path for brine and gas around the shaft 
seal. Therefore, it is important to characterize the extent of the DRZ around the shaft 
excavations and its time-dependent properties (especially permeability). 

When the shaft seals are emiplaced, back pressures in the shaft sealing materials will 
develop with time as the sunounding 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 micro-fracturing mechanism to become inactive. 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 rates 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. 

4.2 DRZ Permeability and Extent 

4.2.1 Parameter Sources 

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 (Stormont, 1990b; Knowles and Howard, 1996), 
visual observations (Borns and Stormont, 1988), and other methodologies (Holcomb, 1988; 
Pfeifer et al., 1989). Laboratory testing of salt cores has also provided significant insight into 
DRZ development. Hansen and Mellegard (1979) found that dilatancy is favored by conditions 
of low-confining stress and high deviatoric stress which characterize the region near an 
excavation. Laboratory testing has shown that a halite DRZ is self-healing given the proper stress 
conditions (Brodsky, 1990). Using, laboratory samples with known amounts of induced 
volumetric strain, Brodsky (1990) :showed that damaged cores could be healed with certain 
confining pressures and time. 

4.2.1.1 FIELD DATA 

A summary of field tests mieasuring permeability and extent of the DlU is presented in 
Table 4-1. Measurements taken in the air intake shaft provide the only field information 
regarding the DRZ in a full-scale vertical shaft. 
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Table 4- 1. Summary of Field Test DRZ Data 

Test Borehole Configuration Permeability Extent Reference 
(m2> (d7) 

Drilled vertically into floor of - 1.5 - 2") Stormont (1990b) 
Room L 

Drilled horizontally into the 10-12 - 10-19 0.5 - 1 .2'2' Knowles and Howard 
wall of Room D ( 1996) 

~ 

Drilled vertically into floor of - 0.6 - 1.2(') Van Pelt (1995) 
Room M 

Drilled horizontally into AIS 10-13 - 10-21 0.5 - 1(3) Dale and Hurtado 
wall ( 1996) 

( I )  

(2) R = borehole radius 
(3) R = shaft radius 

- r = extent of damaged zone normalized by excavation geometry, R 
R = room half-width or height 

4.2.1.2 LABORATORY DATA 

=/SPEC (1996) summarized laboratory permeability data for damaged WIPP salt as 
cited in the literature and subsequently plotted the data as a function of damage or dilatant 
volumetric strain as shown in Figure 4-1. Based on the general trend of these data, the DRZ 
permeability as deduced from laboratory testing falls within the same range as predicted by field 
data. 

4.2.2 Rationale and Parameter Value 

The field and laboratory data discussed in Section 4.2.1 provided insight into the 
variation of permeability in the DRZ and the extent of the DRZ. The PDF for the permeability of 
the D E  at the edge of the shafts is referred to as the skin permeability, ki. It was assumed 
constant for all time and was constructed based on the results of these test programs. The skin 
permeability was treated as a random variable having a log-triangular distribution function with 
parameters given in Table 4-2. This distribution was developed with the knowledge that the 
same PDF for skin permeability would be used at all times, even though it is known that the DRZ 
permeability will reduce with time. The PDF and CDF for the DRZ permeability are given in 
Figures 4-2 and 4-3 respectively. 
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Figure 4- 1. Permeability versus dilatant volumetric strain for WIPP salt (after FWSPEC, 1996): 

Table 4-2. Log Triangular Distribution Function Parameters for DRZ Skin Permeability (ki) 

Seal Material Lower Bound Best Estimator Upper Bound 
Permeability Permeability Permeability 

<m2> (m2) (m2) 

Upper and Lower Compacted Clay 1.0 x io-*' 1.0 x 10-l~ 1.0 x 1 0 - l ~  
t = 0 yrs 

Compacted Crushed Salt 
t=Oyrs 

1.0 x io-'' 1.0 x 10-l~ 1.0 x 1 0 - l ~  

Asphalt 1.0 x io-" 1.0 x 1 0 - l ~  1.0 x 1 0 - l ~  
t = 0 yrs 
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Figure 4-2. PDF for DRZ skin permeability (kj) immediately following seal emplacement. 

1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 
1 E-1 8 1E-17 1 E-1 6 1E-15 

Permeabi I ity (m2) 

1E-14 1E-13 1E-12 

Figure 4-3. CDF for DRZ skin permeability (kj) immediately following seal emplacement. 
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In addition, knowledge of the radial extent of the DRZ with time was necessary. The 
transient behavior of the radial extent of the DRZ was obtained by structural calculations. These 
calculations estimated 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 
(RISD, 1996). Figure 4-4 shows the normalized DRZ radius &e., ratio of DRZ extent and radius 
of shaft) as a function of time adjacent to the clay seals. The times considered were 0, 10,25,50, 
and 100 years after seal emplacement. Adjacent to the lower clay seal (depths ranging from 616 
to 643 m), the calculations indicate that the extent of the DRZ is approximately 85% of the shaft 
radius at a time of 0 years after seal emplacement and that the DRZ is fully healed after about 25 
years. Adjacent to the upper clay seal (ranging from 308 to 413 m), the calculations indicate that 
the extent of the DRZ is approximately 70% of the shaft radius immediately after seal 
emplacement and is reduced to zero after about 100 years. Figure 4-5 provides a similar plot for 
the normalized DRZ radius ,adjacent to the compacted crushed salt seal (depths ranging from 429 
to 600 m). This figure shows that the DRZ extent is approximately 80% of the shaft radius 
immediately after seal emplacement and is reduced to zero at approximately 50 yrs after seal 
emplacement. Figure 4-6 shows the normalized DRZ as a function of time adjacent to the 
asphalt seal. This figure indicates that the DRZ extent is approximately 65% adjacent to the 
asphalt seal (depths ranging from 256 to 293 m) immediately after seal emplacement and reduces 
to 60% at 100 yrs after empliaceme~it. Tables 4-3,4-4, and 4-5 give the normalized DRZ radius 
as a function of time adjacent to the: clay seals, the crushed salt seal, and the asphalt seal, 
respectively, at five specified depths. Table 4-6 gives the normalized DRZ radius as a function 
of time at the mid-height of each material component. The open shaft model predicted the extent 
of the DRZ to have a normalized ra.dius of 1.63 to 1.86 as compared to field results from the AIS 
testing, which indicated a normalized radius of 1.25 to 1.92 and are therefore more conservative. 

4.3 lmplementaltion of DRZ Parameters into the Conceptual Model 

An effective DRZ permeability was estimated by defining a functional relationship 
describing the change in pemeability as a function of radial distance in the DRZ. Figure 4-7 
shows a schematic of a shaft with a DRZ of inner radius ri and outer radius r,,. The permeability 
kj at ri is the DRZ skin permeability; the intact undisturbed permeability, k,, is defined at r,. 
Figure 4-7 shows a log-linear variation of permeability as a function of radial distance within the 
DRZ. The results of the AIS field testing indicate a log-linear model is an appropriate assumption 
(Dale and Hurtado, 1996). ‘Therefore, such a model was assumed to describe the DRZ 
permeability as a function of radial distance and was used to calculate an effective DRZ 
permeability. 
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Figure 4-4. Normalized DRZ radius versus depth and time for salt adjacent to compacted 
clay seals. 
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Figure 4-5. Normalized DRZ radius versus depth and time for salt adjacent to compacted 
crushed salt. 
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Figure 4-6. Normalized DRZ radius versus depth and time for salt adjacent to asphalt. 

Table 4-3. Normalized DRZ Radius; as a Function of Depth and Time for Upper and Lower 
Compacted Clay Seals 

Depth 
(m) 

Normalized D E  Radius 

~~ ~~ 

250 1.605 1.486 1.381 1.273 1.135 
1 .ooo 3 50 1.700 1.450 1.286 1.132 

450 1.780 1.368 1.170 1 .ooo 1 .ooo 
550 1.832 1.268 1.050 1 .ooo 1 .ooo 
650 1.865 1.160 1 .ooo 1 .ooo 1 .ooo 
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Table 4-4. Normalized DRZ Radius as a Function of Depth and Time for Compacted Crushed 
Salt Seal 

Depth 
(m> 

Normalized DRZ Radius 

10 yrs 25 yrs 50 yrs 100 yrs 

250 1.605 1.300 1.165 1.058 1 .000 

350 1.700 1.250 1.080 1 .ooo 1 .ooo 
450 1.780 1.155 1 .om 1 .ooo 1 .000 

550 1.832 1.085 1 .om 1 .ooo 1 .Ooo 
650 1.865 1.020 1 .Ooo 1 .ooo 1 .ooo 

Table 4-5. Normalized DRZ Radius as a Function of Depth and Time for the Asphalt Seal 

Depth 
(m) 

Normalized DRZ Radius 

0 yrs 10 yrs 25 yrs 50 yrs 100 yrs 

250 1.605 1.600 1.595 1.590 1.580 

350 1.700 1.700 1.695 1.685 1.672 

450 1.780 1.770 1.765 1.758 1.740 

550 1.832 1.825 1.815 1.800 1.772 

650 1.865 1.852 1.832 1 BO5 1.757 
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Table 4-6. Extent of the DRZ in Te:rms of Normalized Radius at Mid-Height of Component 
(after U.S. DOE, 1995) 

SealMaterial and 
Associated DRZ 

Zone 

~ 

DRZ Extent-Normalized Radius 

Time Reference to Instantaneous Emplacement of Seal Materials 
~ ~ ~~ 

0 y:rs 10 yrs 25 yrs 50 yrs 100 yrs 

Asphalt Column 1.629 1.625 1.620 1.614 1.603 

Compacted Clay 
Reconsolidated 1.814 1.110 1 .ooo 1 .Ooo 1 .ow 

salt 
Lower Salado 1.858 1.162 1.002 1 .Ooo 1 .Ooo 

Compacted Clay 

Upper Salado 1.709 1.469 1.283 1.107 1 .ow 

The equation used tci CalCuliW the effective DRZ permeability, ke , assuming the log- 
linear model is: 

where Ar is equal to the outer D E  radius minus the inner DRZ radius (ro - ri ). This calculation 
accounts for both the decrease in DRZ permeability and the increase in flow area as a function of 
radius away from the excavation. 

Using Equation 4-1, an effective permeability of the DRZ was calculated based on 
knowledge of the outer extent of thle DRZ (ro), the DRZ skin permeability (ki), and the 
undisturbed Salado halite permeability. This approach assumed that the skin permeability (or the 
permeability of the salt immediately adjacent to the shaft) does not depend on depth or vary with 
time. The permeability of undisturbed halite was correlated to that of the sampled value of intact 
halite for the CCA calculations. 

The DRZ Permeability was incorporated into the model by combining it with the seal 
permeability. This methodology is illustrated in Figure 4-8. This was done by calculating a 
seaVDRZ composite permeability. The conceptual model combined all four shafts into a 
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Figure 4-7. Log-linear model for the calculation of an effective permeability of the DRZ. 

composite shaft. Therefore, special consideration was given to the calculation of the seal/DRZ 
composite permeability. The radii for the four WIPP shafts are: 

Shaft 

Air Intake 
Salt Handling 

Waste 
Exhaust 

4-1 1 

Inner Radius (ri ) 
(m) 

3.1 
1.8 
3.5 
2.3 



Sample Seal Permeatiility Sample Inner DRZ Permeability 

Calculate Total Seal Area 
Permeability Product 

\ N 

i 
Calculate DRZ Effective Permeability for 

Each Shaft Using Eqn 4-1 : 

Calculate Total DRZ Area 
Permeability Product 

J 
Ci .~ . , . 3  Composite 

Seal Permeability 

Assumes Amode, = A,, + A, + A, + A, = 95 m2 

TRI-6121-377-0 

Figure 4-8. Composite seaVDRZ permeability calculation methodology. 
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Because the DRZ is adjacent to each of the four shafts and the extent of the DRZ is a 
function of shaft radius, calculation of the effective DRZ permeability (Equation 4-1) was 
performed for all four shafts. If the inner and outer DFU permeabilities are the same for each 
shaft, Equation 4- 1 predicted the same effective DRZ permeability for all four shafts (i.e., 
regardless of shaft radius). However, the product of the DRZ permeability and shaft cross- 
sectional area was different for each shaft because the shafts have different radii (Ti). The DRZ 
effective permeability and area product were summed across the four shafts to calculate a term 
representative of all four shafts. The area of each shaft multiplied by the effective DRZ 
permeability yielded a different area-permeability product (hydraulic conductance assuming a 
unit length) for each shaft. The summation of the product of DRZ permeability and DRZ area 
across all four shafts is equal to: 

k e  A e  = k e l  A e l +  k e 2  A e 2 +  k e 3 A e 3 +  k e 4 A e 4  

where: 

(4-2) 

k e  = effective DRZ permeability, 
A, = DRZ~ea ,and  

e l ,  e2,  e3,  e4 = DRZ for the four shafts. 

An approximate effective permeability of the composite seal and DRZ for the PA model 
was calculated using: 

where Amodel is equal to the modeled area for the composite shaft seal (95 m2) and k&, is the 
summation of the shaft seal area multiplied by the permeability for the four shafts and is equal to: 

(4-4) 

This relationship is approximate and assumes that the modeled area (Amkl) is equal to 
the combined shaft seal area (As). Note that when the DRZ normalized radius goes to one, the 
composite seal permeability becomes equal only to the sampled seal permeability with no 
magnitude adjustment required. Calculation of the composite permeability using Equations 4-2, 
4-3, and 4-4 was conducted separately for the DRZ adjacent to the asphalt seal, the upper 
compacted clay seal, the crushed salt seal, and the lower compacted clay seal. 
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5.0 SUMMARY 

The conceptual model of the WIPP shaft sealing system was formulated to predict the 
system behavior over the regulatory period of 10,OOO years. The simplified geometry of the 
conceptual model, presented in Section 1 .O, reflects the configuration and functions of the 
individual components. The model will capture the fluid flow behaviors of the system, but is not 
expected to simulate the detailed flow patterns that will occur around individual components. 
The development of properties necessary for the model elements has been described in Sections 2 
through 4. Uncertainty in material parameters is quantified through the PDFs of the parameters 
that are expected to significantly impact performance. Incorporation of effects resulting from the 
presence of a DRZ within the host rock surrounding the seal components was discussed and 
quantified in Section 4. The PDFs for seal material and DRZ properties were constructed for use 
within the LHS methodology utilized for the WIPP compliance calculations. This section 
summarizes the parameters necessary for implementation of the seal system conceptual model. 

5.1 Saturated Flow Parameters and Initial Conditions 

Certain material properties are insensitive to the relative saturation state of seal 
components. These properties include the intrinsic permeability, porosity, and compressibility of 
the materials. The initial pore pressure and water saturation state of the seal components must 
also be specified. Uncertainty in the seal material permeabilities was discussed in Section 2.0, 
and is reflected in the relevant PDFs. The proposed shaft sealing system design incorporates 
redundancy in materials and components to eliminate the probability of system failure. It was 
therefore possible to limit the uncertainty in material permeabilities to uncertainty in component 
behavior. This differs from previous approaches, whereby uncertainty in system performance 
necessitated inclusion of high material permeabilities associated with system failure. Table 5- 1 
outlines: (1) the sources of uncertainty for each seal material and (2) redundant components that 
provide assurance that the seal materials will perform their intended hnctions. Tables 5-2 
through 5-6 present the saturated flow properties and initial conditions for the compacted crushed 
salt, compacted clay, asphalt, and earthen fill materials proposed for use as shaft sealing 
materials. 

It was assumed that flow calculations are not sensitive to variation in seal porosity and 
compressibility. Estimated constant values for these properties were developed. 

5.2 Two-Phase Flow Parameters 

The necessary parameters for modeling two-phase flow were developed using literature 
values and professional judgment. The resultant parameters are consistent with those used in 
previous PA analyses, with the exception of those recommended for the asphalt column. Asphalt 
is a hydrophobic material. Using the recommended two-phase flow parameters and the low brine 
saturation, detailed models showed that the asphalt column could maintain a large suction 
pressure. This behavior was not considered physically realistic, and a linear capillary model was 
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Table 5- 1. Seal Materials, Uncertainty Sources, and Redundant Components 

Material Source(s) of Uncertainty Redundant Component( s) 

Compacted Crushed Salt 

Compacted Bentonite Clay 

Salado Mass Concrete 

Asphalt 

Earthen Fill 

- Constitutive Model - Upper compacted clay 
- Fractional Density versus column 
Pexmeability Relationship - Lower compacted clay 

column 

- construction methods 
- salinity effects 

- construction methods 
- degradation effects 

- construction methods 
- lack of permeability data 

- Concrete/asphalt waterstops 

- Compacted salt column 
- Asphalt C O I U ~ ~  

- Asphalt column 
- Upper compacted clay 
column 
- Lower compacted clay 
column 

- Upper compacted clay 
column 
- Rustler clay column 
- Concretehsphalt waterstops 

- construction method - Sealing function not required 

Table 5-2, Reconsolidated Salt Parameters (Component 10) 

Parameter I3est Estimate Minimum Maximum Distribution 
Value Value Type 

Intrinsic Permeability 
(m2) 

0 yrs 
50 yrs 
100 yrs 
200 yrs 
4oo Yrs 

Porosity (fraction) 
Compressibility (l/Pa) 

Initial Pressure (Pa) 

1.65 x 1 0 - l ~  

6.83 x lo-'* 
5.27 x 
5.35 x 
5.35 x 

0.05 

1.69 x 
101 3fS6.5 

5.00 x 10-l8 

1.33 x 
1.33 x 
1.33 x 

1.33 x 

NA 
NA 

NA 
NA 0.32 Initial Liquid 

Saturation 

5.43 x 1 0 - l ~  

1.12 x 1 0 - l ~  

3.75 x 10-l6 
2.15 x 
2.15 x 

NA 
NA 

NA 
NA 

Triangular 

NA 
NA 

NA 
NA 
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Table 5-3. Bentonite Compacted Clay Parameters (Components 4,8, and 12) 

Parameter Best Estimate Minimum 
Value 

Maximum 
Value 

Distribution 
Type 

~~~~ 

Intrinsic Permeability 5 x 10-l~ 1 x 5 x lo-’* LQg 
<m2> Triangular 
Porosity (fraction) 
Compressibility ( 1Pa) 

Upper Salado clay 

0.24 

1.81 x 10-~ 

Lower Salado clay 1.59 x 10-~ 
Rustler clay column 1.96 x 10-~ 

101356.5 
0.79 

NA 

NA 

NA 
NA 

NA 
NA 

NA 

Initial Pressure (Pa) 
Initial Liquid 
Saturation 

NA 

NA 

NA 

NA 
NA 

NA 

NA 

NA 

NA 

NA 
NA 

Table 5-4. Salado Mass Concrete Parameters (Components 2,5,7,9,  and 11) 

Parameter Best Estimate Minimum 
Value 

Maximum 
Value 

Distribution Type 

Intrinsic Permeability 1.78 x 10-l~ 2 x 1 x io-’’ LQg 
<m2> Triangular 
Porosity (fraction) NA 
Compressibility (1Pa) NA 

Initial Pressure (Pa) NA 
Initial Liquid NA 
Saturation 

0.05 

1.2 x 10-~ 
101 356.5 

1 .o 

NA 
NA 
NA 
NA 

NA 
NA 

NA 
NA 
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Table 5-5. Asphalt Parameters (Component 6) 

Parameter I3est Estimate Minimum Maximum Distribution 
Value Value Type 

Intrinsic Permeability 1 x 1 x 1 x 10-lS Log 
(m2> Triangular 
Porosity (fraction) 0.0 1 NA NA NA 
Compressibility (l/Pa) 2.97 x lo-* NA NA NA 

Initial Pressure (Pa) 101356.5 NA NA NA 
Initial Liquid 0.0 NA NA NA 
Saturation 

Table 5-6. Earthen Fill Parameters (Components 1 and 3) 

Parameter Best Estimate Minimum Maximum Distribution 
Value Value Type 

Intrinsic Permeability 1 X: 10-l~ 1 x 10-l~ 1 x 10-l2 
(m2> Triangular 
Porosity (fraction) 0.32 NA NA - NA 
Compressibility (l/Pa) 3.1 x lo-' NA NA NA 
Initial Pressure (Pa) 101356.5 NA NA NA 
Initial Liquid Saturation ID. 8 NA NA NA 

proposed for the asphalt. Table 5-7 summarizes the two-phase flow parameters developed for the 
shaft seal materials. 

5.3 Disturbed Rock Zone 

Two effects must be considexed when developing parameters related to a DRZ in salt: 
damage and healing. Quantification of DRZ damage requires knowledge of both the radial 
extent and increased permealbility resulting from the damage process. The healing process 
depends on the mechanical Froperties of the emplaced seal material, and on the stress difference 
(Le., depth of emplacement) surrounding the material. In order to simplify the parameterization 
process, an approximation of the radial extent of the time-dependent DRZ was utilized as 
discussed in Section 4.0. The radial; extent of the D E  is deterministic, and results for each seal 
component were presented in Tables 4-3 through 4-6. It was assumed that the maximum 
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Table 5-7. Capillary Pressure and Relative Permeability Model BRAGFLO Parameters for 
Compacted Clay, Concrete, Reconsolidated Salt, Asphalt, and Earthen Fill 

Parameter Best Minimum Maximum Distribution Type 
Estimate Value Value 

7 -0.346 (b) Threshold Pressure(a) (MPa) 

h 0.1 1 8.1 
Residual Liquid Saturation 0.0 0.6 
Residual Gas Saturation 0.0 0.4 

P,= 5.6 x 10- k 
0.94 

0.2 
0.2 

Lognormal 

Uniform 
Uniform 

(a) Not applicable for asphalt, which was assigned a zero capillary pressure. 
(b) k = intrinsic permeability (m2). 

permeability of the damaged zone remains constant until complete healing is achieved. A log- 
triangular distribution was developed for the maximum DRZ permeability. Table 5-8 
summarizes the PDF for the maximum DRZ permeability, which is applied at the shaft wall. 
Because the seal conceptual model does not include an explicit representation for the DRZ, a 
process for calculation of the effective DRZ and seal permeability was developed. It was 
recommended that the DRZ permeability be sampled separately from seal material permeability 
and that the effective permeability should then be calculated from the sampled values. 

5.4 Conclusions 

The compliance application conceptual model for the WIPP shaft sealing system 
incorporates the design strategy of utilizing multiple components and materials to assure that 
system performance objectives are met. The model and all necessary parameters are presented 
and discussed in this document. Uncertainty in material properties is captured within the 
discussion, and those properties that can significantly impact repository performance reflect 
relevant uncertainty. This approach incorporates good engineering judgment, yet reflects 
conservatism where significant uncertainty exists. 

Table 5-8. Salt DRZ BRAGFLO Parameters (Zones 1 through 4) 
~ 

Parameter Best Estimate Minimum Maximum Distribution 
Value Value Type 

Skin Permeability (m2) 
o yrs to th (a) 1.0 x 10-l~ 1 x 1 0 - l ~  1 x Log Triangular 
th to 10,OOO yrs (b) NA NA NA 

(a) th = DRZ healing time. 
(b) Equivalent to value for intact salt. 
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6.0 QUALITY ASSURANCE 

All parameters for the shaft seal conceptual model were developed by two contractors, 
INTERA, Inc. and RE/SPEC, Inc., with Sandia technical supervision. Both contractors were 
working under approved Quality Assurance (QA) programs, which have been regularly audited 
and which were surveilled on this particular task. In addition, the records from this task have 
been either audited or reviewed. 

The data used for the development of the parameters was taken either from standard 
references or data packages or developed as part of the material specification for the sealing 
system design. The data packages used were either developed under approved QA programs, 
qualified by the Qualification of Existing Data (QED) process, qualified by confirmatory testing, 
and/or peer reviewed. Professional judgment was used in the development of all parameters, and 
in specifying the ranges of probability density functions (PDFs) derived from the data. In all 
cases, rationale for judgments made are included in this document and the shaft seals parameter 
package (Hurtado, 1996). All parameters and PDFs, including judgments made in their 
development, have undergone at least one form of technical review, including review by 
technical experts and/or a Technical Peer Review Panel. Finally, this document has been 
reviewed by technical personnel, management, and QA personnel. 

Table 6.1 provides pertinent information on contractors used for parameter development, 
expert judgment, andor technical review. 

Table 6.1. Contractors for Conceptual Model Development 

Name SNL Contract # 

Jaak Daemen AG-49 15 
(clay expert) 

Bob Romine 
(asphalt expert) 

AO-1555 

INTERA, Inc. AG-49 10 
(parameter development-compacted clay, asphalt, 
compacted earthen fill, two-phase flow properties) 

WSPEC, Inc. AG-49 1 1 
(parmeter development-salado mass concrete, 
compacted crushed salt, disturbed rock zone) 
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Memoranda Regarding Reference Data 
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Errata 

Review of the two memos in this appendix revealed the following inaccuracies. 

I 

Change -- 
The word “Arlington” is misspelled in the first reference. This 
reference is also available as: 
American Colloid Company. 1995. “Technical Data Sheet, Volclay 

GPG 30.” Arlington Heights, IL: American Colloid 
Company, Industrial Chemical Division. (Copy on file in the 
Sandia WIPP Central Files, Sandia National Laboratories, 
Albuquerque, NM as WP0#39636.) -- 

In the third reference, the name of the final author should be spelled 
“Kiefer.” 
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date: December 4. 1995 

to: FranliHansen, SNL 

from Chongwer Ran and Jaak Daemea 

cc.: Van KcIlcy, INTJZR4; Tom Pfeiflc, RUSPEC; Dianc Hurtado, SNL 6121 

c+ 

subject Bentonite Properties 

L Permeability of bentonite 

2. Efftcts o f  permeant salinity on permeability 

NaCl concentration - Increase in permeability. ordcn of magnitude 
< 1.0 

> 2.0 about 3** 

2 for all densities (Kennq et d. 1992)*; 0-2 
(pusch. 1994. p. 122). 

from K m e y  et al. (1992) for 20:SO bentonice to sand, permeant with 0.7 M NaCl with dry dcnsig from 
1.5 to 1.8 g/m3. 

+* our test result fx bentonite with 1.2 to 1.4 g/m3 permeated with 100% W P  brine. 

3. Young's modulus 

Figure 1 shows the relationship be.tWcen Young's Modulus and minor principal strcss ~3 (afier Janbu, 
1963). The Young's modulus (E) of clay is given by (Janbu, 1963): 

when IC is a dimensionless moddus number that varies from about 300 to 2000 (Mitchell, 1993, p- 339). 
for saturated bentonite, the range probably is much narrow ab&t 100 to 300, or less, 
n is an a p n e n t  usuaIly in the range of0.3 to 0.6 (Mitchell. 1993, p. 339), 
pa is a unit to~tant equal to atmospheric pressure, and 
G) is minor principal mess. 

Yin ai d. (1990) concluded that the Young's modulus of a 5050 bentonite sand mixture is: 

E = @ '  (2) 
where k is a constant k-80 for 5050 bentonite sand mixture, and p' is the effective mean stress p'=1/3 

(Gy'+243'). 

The Young's modulus ofbemonite should be lower dlan that of a bcntonite sand mixzure. Highly 
compacted bentonite (2.0 @ C I ~  with 10% water content) has a Young's modulus up t~ 300 MPa and 
decreases with the uptahg water (Mcqer and Howxd, 1993). 
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BuIk modulus 

Yin at al. (1990) concluded that the bulk modulus of a 5050 bentonite sand mixtUrr is: 13.7 p’. Again, 
for bentonite by itself, the modulus almost cmaidy is lower- 

120 

100 

20 

0 2 1 8 8 10 
Minor Prinapal stress (MPa) 

Figure 1. Young’s Maduhx; of clay as a function of minor principal mess with K=300, P.zl4.4 psi. 
. and n = ‘0.3 in Eqi. (1). after Janbu, 1963). 

Poisson’s ratio 

Meyer and Howard (1983) repomid that for highly compacted bentonite (2.0 g/m3 with 10% water 
content), the poisson’s ratio is about 0.15. 

For sofi clay, the Poisson:qtio should be about 0.375 according to Dum et al. (1980, p. 113-114). We 
know saturated bentonitl’is rktmnely p M c .  Tlerehre we would expect Poisson’s ratio to be larger. ic. 
at least 0.4 and pmbablx 0.45 br larger. 

4. Porosity of bentonite Ll 
‘k 

The porosity of bentonite: should be calculated from void ratio with some (maybe 20-50%) due 
to unnmmable water molecules on the su&a of the bentonite panicles. 

C n=-- 
l t e  (3) 

when e is the void ratio, and can be calculated fiom specific gravity (GJ ofbentonhe. the dry density (pa 
of the bentonite sal: and the density ufwater (p-). 
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The specidc gravity of bentonite is about 2.4 to 2.8. For Volclay GPG-30. the specifrc gmviq' is 2.5 
(Amencm Colloid Campan)-, 1995). The C f f e a s ~  porosity should ~ r y  with moisture content and A t  
tollcentration in bentonite seals. Diamond (1970) measured the &mive porosity dmonmorillonite is 
35% less than the calculated porosity. Figure two shows d q  density wries as a function of porosity . 

h 

2 
v) c 
8 
P a 

2.03 

1.60 

1.40 

0 . jd  0.20 0 3  0.46 0.50 
Porusrty 

Figure 2. Dry density of bentonite as a function of porosity, urherz 1+=2.5,2 - G,=2.7 and 3- G,=2.8. 
The e f f d v e  porosity is 65% ofthe primary porosity (calculated from eqs 2 and 1). 

American ColIoid Company, 1995, Marerid Safety Data Sheet, Volclay GPG-30. Industry Chemical 
Divisioq American Colloid Company, Arington Hcights, Illinois. 3 p. 

Diamond, S., 1970. Pox Size Disuibutions in Clays. Clays C Clay Minerals, VoI. 18. pp. 7-23. 

Dum, I.S., L.R Anderson, and F.W. Kieter, 1980. Fundamentals of Geotechnical Analfis, John Wiley & 
Sons. New York. 

Janbu, N., 1963. Soil compressibility as dctcnnined by dometer and triasial tests. Europcsn conference 
on soil mechanism and foundation engineering, Widaden, Germany, Vol. 1, pp. 19-25- 

Kenney, T.C., W.A van Veen, M A .  Sn-allow and hZA Sungaila. 1992. Hydraulic conductivity of 
compacted bentonite-sand mixtures.. Can. Geotcch. J. VoI. 29, p. 361-374. 

Meyer, D. and J.3. Howard, Editors, 1983. Evaluation of Cfays and CIay M l n ~ ~ a ~ f o r  Application to 
Repositoty Sealing, Technical Repon ONWI4S6, Office of Nuclear Waste Isolauon, Columbus. OH. 

Mitchell, I. K., 1993. Fundamentals of Soil Behavior, 2nd Ed. John Wilcy & Sons, New York. 

Pusck R., 1991. Waste Disposal in Rock. Elsevier. Amsterdam. 490 p- 
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Yin, J.IF. F. Saadat, and J. Graham, 1990. Constitutive modding ufa compacted sand-bentonite mixture 
using three-modulus hypo&sticity.. Can. Geotech. J. Vol. 27. p. 365-372. 
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lNTERA INC. 6850Austin Center Boulevard Suite 300 Austin. Texas 78731. USA 9 Telephone: 512-346-2000 Facsimile: 512-346-9436 

MEMORANDUM 

To: M.K. Knowles, SNL 6121 MS#1322 

From: R.S. Van Pelt, INTERA, WIPP Site MS# 

Date: November 20, 1995 

Re: Permeability Estimates from Boreholes MGF08 and MGF09 

As per your request of last Friday, I am submitting this memo as a 
short summary of results for two of the nine boreholes tested as 
part of the SSSPT-A Postmortem Activities. Both boreholes were 
tested with the 3.5" four-packer test tool and DGFT 001. The tests 
were conducted according to the low pressure nitrogen gas injection 
section of WIPP/SNL Procedure 447. Data was collected on a HP 
3497a based DAS according to WIPP/SNL Procedure 430 and data was 
processed according to WIPP/SNL Procedure 528. Permeability 
estimates were simulated and matched with the test observations of 
constant pressure flow rates and pressure decay curves with GTFM 
ver. 5.20. Assumptions used in the simulations included a 
formation porosity of 0.01, a spherical flow geometry, a formation 
pressure of 0 psig, and no zero flow boundary closer than 100 m 
from the test interval. The permeability estimates are presented 
in the following tables. 

II Gas-Permeability Estimates for MGF08 II 
Test Zone Depth (in) Estimated k,, (m2) 

54 - 69 2.0 x 
11 83 - 98 2.1 x II 

~ ~ ~ 

Gas-Permeability Estimates for MGF09 

Test Zone Depth (in) Estimated kea, (m2) 

54 - 69 2.7 X 

83 - 98 7 . 0  x 
~~ 

119 - 134 9.0 x 
153 - 163 5 . 0  X 

b 

Albuquerque Ausfrn Caflsbad 10s Angeles Swrfzor/and 
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Over-coring activities performed in October 1994 caused the partial 
filling of MGF08. The muck was subsequently wetted with brine that 
seeped into the borehole from the surrounding formation. Through 
consultation with the WID Experimental Operations drill crew, we 
determined that we would have to re-drill the borehole in order to 
test the bottom t w o  intervals. Due to lack of available time and 
funds, this salvage operation was not performed. 

Borehole MGF09 was located 4 radii (6') from the longitudinal 
centerline of MAE32 in relatively undisturbed halite, The lack of 
mechanical disturbance is evident in the relatively uniform profile 
of permeability with d.epth. 

Borehole MGF08 was located 1.25 radii (22.5") from the longitudinal 
centerline of MAE:32 on a line from the centerline of MGF09 to the 
centerline of MAE:32. The radius of MAE32 (18") and of MGF08 (2") 
only left 2.5" of halite between the adjacent walls of the two 
boreholes. 

The 54 - 69" deep testzone was apparently, as evidenced by the high 
gas permeability estimate, influenced by the mechanical damage due 
to the mining and presence of MAE32. The 83 - 98" deep testzone 
was adjacent to the rigid inclusion offered by the concrete seal 
cast in MAE32. These results are consistent with those found in 
the DRZ characterization study performed around the horizontal 
seals in Room D. 

cc: Tim Dale, I N T E R A ,  Austin 
J. F. Pickens, INTISRA, Austin 
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